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Chapter 1 
 
Introduction and Motivation 
 
1.1 Introduction  
 
Metals are rarely applied in their pure form. They are most often synthesized in the 
form of compounds that exploit or strengthen desirable properties and overcome 
characteristics that limit their performance. Compounds based on nitrides of the 
transition metals of group IVB through VIB of the periodic table exhibit special 
physical and mechanical properties that result from manipulation of composition 
and manufacturing processes. 
Chemical and physical properties of nitrides are determined by the nitrogen/metal 
ratio and the strength of inter-atomic bonding constituting both covalent and ionic 
contributions. The nitrogen atoms occupy interstitial sites in the metal lattice and 
are believed to promote strong metal to non-metal and metal-to-metal bonds. In 
addition, the bonding in nitrides is believed to arise from the interaction of nitrogen 
2s and 2p orbitals with metal d-orbitals. 
From the application standpoint, transition metal nitrides have been characterized 
by significant properties. They are hard, have a high melting point, some are 
coloured, have a simple structure, possess good electrical and thermal conductivity 
[1]. These interesting properties have made transition metal nitrides important for 
the electronics and optical industries among others [2-4]. Some applications in 
semiconductor industry range from diffusion barrier materials in silicon based 
semiconductor devices in order to separate interconnecting metal stripes from 
silicon, gate electrodes in field effect transistors and dynamic random access 
memories (DRAM), as passivation layer against copper oxidation among others. 
Transition metal nitrides also find use in hard and protective coatings as well as 
superconductors. 
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Among IVB-VIB transition metal nitride, TiN has been the most studied barrier 
material [5-7]. Other diffusion barrier materials that are widely recognized, used 
and continuously researched on are NbN and TaN [8-11]. ZrNx and WNx among 
others [12-14] have recently gained extensive interest as barrier materials. In 
addition to diffusion barrier applications niobium nitride films have been studied 
extensively in the past mostly due to their superconducting critical temperature [15-
16].  M. Torche et.al [17] have pointed to good optical properties for use in optical 
coatings as well. Tantalum nitride (TaN) thin films have been extensively used as 
the key elements of mask absorbers of X-ray lithography [18-19] and in magnetic 
multilayers of recording heads [20]. ZrN films have also been attracting much 
attention for various applications such as Josephson junctions [21] and cryogenic 
thermometers [22].  
In the continuous search for the best diffusion barrier and gate materials some of the 
properties they should possess are outlined as follows [23-26]. 
a) Should prevent efficient diffusion of metals and silicon through the barrier 
layer 
b) Should not react with the interconnecting metal or silicon 
c) Stable during the manufacturing and operation of the device 
d) Possess low resistivity 
e) Have good adhesion to the underlying material 
f) Provide good adhesion to deposited metal layer 
g) A film whose lattice parameter approaches the bulk value is most 
advantageous  
h) Have favorable work function 
In the case of hard and protective coatings: 
a) The films with dense bundles of small grains of uniform size and orientation 
in a manner to maximize atomic packing would inherently be desirable. This 
implies that fine grains would suppress crack tips that could form under load. 
b) Films should also be under compressive stresses [27]. 
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1.2 Motivation  
 
Several different techniques such as chemical vapour deposition (CVD), Atomic 
layer deposition (ALD), RF-sputtering, reactive pulsed laser deposition (PLD), and 
dc- magnetron sputtering among others are used for deposition of nitride layers to 
obtain optimum film properties. Reactive dc sputtering is the oldest technique, and 
it has been the main process for depositing oxide and nitride films. Reactive dc 
magnetron sputtering is employed in this study and is advantageous in the 
preparation of thin films as it can be scaled from small sized laboratory targets, to 
large-scale industrial applications. An inherent property of reactive sputtering is the 
residual stresses that are induced during thin film synthesis. It is well accepted that 
the stability of thin films depends on the residual stresses. In addition, stresses have 
an important effect in phase transitions, chemical and electrical behaviour of thin 
films [28-31]. However, the relevant mechanisms of stress formation of reactively 
sputtered thin films are not fully understood.  Therefore this research work aims at 
contributing to the understanding of growth and origin of stresses of reactively 
sputtered IVB-VIB transition metal nitrides. In this case, ZrNx, NbNx and WxNy 
have been prepared and analyzed by multicharacterization techniques. Additional 
experiments on the influence of oxygen concentration on the in-situ stresses and the 
resulting structure of Zr-O-N and Nb-O-N material systems has also been 
investigated. 
 
1.3 Thesis outline 
 
This work is organized in 9 chapters.  An introduction and motivation is presented 
in chapter 1. Chapter 2 describes reactive dc magnetron technique as a preparation 
tool. It also examines the film growth morphologies, structure and stress models as 
described in the literature. In chapter 3 the theoretical principles of the main 
characterization techniques employed in this work are presented. These include 
interaction of x-rays with matter, x-ray diffraction, description of x-ray diffraction 
method for texture measurements (pole figure), x-ray reflectometry, Rutherford 
backscattering spectroscopy, theory of mechanical stresses, description of stress 
determination both by x-ray diffraction-sin2ψ method and wafer curvature based 
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methods and lastly spectroscopic ellipsometry. Chapter 4 looks at how the films 
were deposited and the experimental procedures employed in the characterization of 
the films. The results and discussions are presented in chapter 5 through chapter 8. 
The results in chapter 5 include the systematic characterization of ZrNx films; 
deposition characteristics, films stoichiometry, film structure, in-situ stresses and 
their comparative studies using XRD-sin2ψ technique, optical properties and lastly 
electrical properties. The influence of argon pressure and sputtering power in 
zirconium nitride films is also presented. 
Chapter 6 and 7 look at NbNx and WxNy respectively. This research work is 
extended by investigating the influence of oxygen concentration on the in-situ 
stresses and the resulting structure of Zr-O-N and Nb-O-N material systems, in 
chapter 8.  In chapter 9 the summary, conclusions and outlook are presented. 
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Chapter 2 
 
Theory: Sputtering, growth, structure and stress models  
 
2.1 Sputtering 
 
Thin films of metals or compounds can be prepared by different techniques such as 
chemical vapour deposition (CVD), Atomic layer deposition (ALD), RF-sputtering, 
reactive pulsed laser deposition (PLD), high power pulsed magnetron sputtering 
(HPPMS) and dc- magnetron sputtering among others. This section looks at dc 
reactive sputtering since it is the main method used in the synthesis of films in this 
research work.  
Sputtering involves ejection of target atoms upon collision with ions that are 
accelerated across the cathode sheath. This results in a plasma, which consists of 
charged species such as ions, electrons and neutral species. A schematic drawing of 
plasma components is illustrated in fig. 2.1. The process of generating the plasma 
involves first pumping down the sputter chamber to an appropriate base pressure. 
This is followed by introduction of a sputtering gas, usually Ar into the chamber. To 
start the plasma, a negative voltage is applied to the target. Initially a very small 
current flows through the system due to a limited number of charge carriers as 
illustrated in fig. 2.2.  As the applied target voltage is raised more charge carriers 
are generated partly due to the secondary electrons emitted from the target and 
partly from impact ionization. This results in a rise of the current leading to a 
Townsend discharge which marks the beginning of an avalanche leading to a steady 
state, where the number of electrons and ions produced becomes equal, and the 
plasma becomes self- sustaining. This is the normal glow state. The gas glow 
becomes increasingly visible and is accompanied by a sharp rise in the current and a 
drop in the voltage. This is the abnormal glow state and also the normal sputtering 
regime. In a conventional dc magnetron sputtering the electrons loss occurs due to 
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processes such as recombinations at the walls of the sputter chamber.  To minimize 
this loss a magnetic field is employed which enables electrons to be trapped in a 
cycloidal path in the vicinity of the cathode. This leads to increased ionization. 
Further details of the components of the DC glow discharge are discussed below. 
 
 
 
2.1.1 DC glow discharge 
 
Figure 2.3 illustrates the components of a DC glow discharge.  The Aston dark 
space is a very thin region with a strong electric field ( E
r
) and is in close proximity 
to the cathode. In this region electrons emitted from the cathode are accelerated to 
leave the cathode. This region has a high negative space charge and electrons are 
characterized by a low energy. Stray electrons together with secondary electrons 
outnumber the ions in this region. The low electron energy is insufficient to excite 
the gas and consequently makes this region to be referred as dark. Cathode glow is 
characterized by electrons that are energetic enough to ionize neutrals. This region 
is marked by a high ion density. Cathode dark space is a region of special interest 
and its thickness is approximately the mean distance traveled by an electron from 
the cathode before it makes an ionizing collision. It should be pointed out that the 
Target 
N S N
E
B
Substrate 
       Film 
Plasma 
Magnet
Fig. 2.1: Crosssection view of the magnetron sputtering: Ions strike 
the target and eject the target atoms. The electrons drift in the 
BE ×−  direction causing more ionization of the gaseous atoms. 
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length of the cathode dark space is determined by the type of sputter gas and the 
chamber pressure. Negative glow accounts mostly for the visible emission in the 
plasma arising from the slowing down of electrons. This region is characterized by 
a low electric field ( E
r
). Electrons carry almost the entire current in this region. 
Highly energetic electrons (e-) cause ionization while slow electrons (e-) produce 
excitations responsible for the negative glow. Typical values of electron density 
(Ne) are ≈ 1016 electrons/m3. 
In Faraday dark space the electrons have almost lost all their kinetic energy. The 
positive column almost fills the remainder of the glowing column and electrons can 
again attain excitation energy. Anode glow as the name suggests is observed near 
the anode and few ions bombard it with a possibility of emitting secondary 
electrons. 
 
 
 
 
 
 
 
Fig. 2.2: Voltage versus current distribution across a dc glow 
discharge which depicts breakdown voltage, Townsend discharge, 
normal discharge, abnormal discharge and the arc [32]. 
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2.1.2 Plasma interactions 
 
Several processes occur when the target is bombarded by high energetic ions other 
than the sputtering of target atoms. This may include: 
 
a) ion reflection at the target surface, which can also get neutralized in the 
process 
b) ion implantation, inducing a cascade of atomic collisions in the target which 
would  also cause sputtering of target atoms 
c) the ion  can be permanently buried in the target 
d) secondary electron emission 
e) emission of  x-rays and photons 
 
The energy of the ions in the plasma is strongly influenced by two important 
parameters namely the cathode potential (Vcat) and plasma potential (Vp). The 
cathode fall is defined as the difference between the cathode potential and the 
plasma potential and it describes the energy (E) attained by the ions when they 
impinge on the target material.  This is the same energy attained by secondary 
Cathode 
Cathode 
Dark space
Faraday 
Dark Space
Anode 
Dark Space Aston 
Dark Space 
Cathode 
Glow 
Positive 
column
Anode 
Glow
Negative
Glow
Anode 
Fig. 2.3: Glow regions of a DC glow discharge: Aston dark 
space, cathode dark space, Faraday dark space and anode 
dark space, cathode glow, negative glow, positive column 
and anode glow [33]. 
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electrons when they have crossed the cathode sheath and enter into the main body 
of the plasma as shown in equation 2.1. 
 
)V(V qE catp −=      (2.1) 
 
Where q is the electron charge. In addition, the reflected neutralized ions are 
important as they could possess sufficient energy to reach the substrate and cause 
energetic particle bombardment on the glowing film. The probability of reflection 
and the number of reflected neutrals per incident ion depend mainly on the mass 
difference between the sputtering gas and the target. A lower mass of the incident 
ion with respect to the target leads to a larger fraction of the ions being reflected as 
neutrals. It should be pointed that before the sputtered species reach the substrate 
they undergo collisions and some are scattered in the process. In most cases 
scattering reduces the kinetic energy of the sputtered species which is accompanied 
by temperature reduction. This process is referred to as thermalization. Some 
parameters that influence thermalization include the sputter pressures and target to 
substrate distance. At lower pressure, the particles arrive with considerably more 
energy, depending on the D
λ  ratio, where λ  is the mean free path which scales 
inversely with pressure, D is the target to substrate distance. 
 
2.1.3 Reactive sputtering 
 
If the plasma contains a non inert gas such as nitrogen, oxygen, hydrogen among 
others chemical reactions occur leading to the formation of compounds. This 
process is also referred to as reactive sputtering. The reactions may be controlled to 
dope the film to the desired composition or enough gas may be supplied to ensure 
complete reaction of the sputtered metal. Two modes usually exist in reactive 
sputtering; namely metallic and compound mode [34]. In the former the rate of the 
compound formation at the target is lower. Metallic mode arises due to low gas 
partial pressures or flows and it is characterized by a high deposition rate. At higher 
gas partial pressures or flows of the reactive gas, the rate of compound formation at 
the target is enhanced which is accompanied by a pronounced decrease in the 
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sputter rate. The reduction in the deposition rate is primarily due to the compound 
formation at the target surface and lower sputtering efficiency of the reactive gas 
atoms compared to inert gases. It should be emphasized that during sputtering 
various processes which include diffusion, nucleation, coalescence, bombardment 
by energetic species among others occur at the substrate which significantly 
determine the nature of the deposited film. In addition, the nature and hence the 
desired film properties can be tailored by cooling or heating the substrate at a 
specific temperature. Electrically the substrate could be grounded, biased or left 
floating. In the following section, some aspects of thin film growth which include 
thermodynamics, kinetics, structure and stress models that have been invoked are 
presented. 
 
2.2 Thin film growth 
 
2.2.1 Thermodynamics 
 
The thermodynamic criterion for the growth mode of the film neglects the strain 
energy of the film. In a film-substrate system three types of energies exist which are 
described by Dupre’s relation (equation 2.2) [35]. 
 
β−γ+γ=γ fsi       (2.2) 
 
Where iγ  is the interfacial free energy, sγ  the surface free energy, is the work 
required to break a crystal to expose the surfaces, fγ  is the surface free energy of 
the film and β  is the adhesion energy and is equal to the work required to separate 
the film from the substrate along the interface plane. In addition, Bauer’s criterion 
(equation 2.3) [36] has demonstrated that the surface free energy of the substrate 
and film material influence the mode of growth in the absence of kinetic 
contributions. 
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sif γ−γ+γ=γ∆       (2.3) 
 
γ∆  is the energy difference while fγ , iγ , sγ  have the same meaning as in the 
Dupre’s relation described (equation 2.2). 
The three different crystalline growth modes that can be identified by usage of 
equation 2.3 are: 
 
a) Volmer Weber (3D island) 
b) Frank-Van der  Merwe 
c) Stranski-Krastanov 
 
If γ∆  > 0, then the atoms are more strongly bound to each other and there is less 
wetting to the substrate. This is the Volmer Weber growth mode as sketched in fig. 
2.4a. For γ∆  > 0 or if sγ  is very small, then it is easy to break the crystal as the 
bonds might be very weak. If γ∆  < 0, the atoms are more strongly bound to the 
substrate than to each other and the films tend to extend (wet) on the substrate 
(Frank-Van der Merwe growth mode) (fig. 2.4b). In some cases γ∆  may result in a 
value smaller than zero until a certain thickness is reached beyond which the value 
is larger than zero. In this case the film grows in Stranski-Krastanov growth mode 
(fig. 2.4c). 
In real systems, surfaces will reduce their free energies by adsorption of gas 
molecules. The density of atoms in face centered cubic (fcc) metals for example 
decrease as 222 lkh ++  increases, where h, k and l are Miller indices in x-direction, 
y-direction and z-direction, respectively. This implies that for fcc (111), (200), 
(220) and (311) surfaces, the atomic packing decreases in this order. If the bond 
strength of the metal is ε , each bond can be considered as lowering the internal 
energy of each atom by 2/ε  and therefore every surface atom with a broken bond 
will have an excess energy of 2/ε , over that of the atoms in the bulk. The number 
of broken bonds will increase through the series (111), (200) and (220). The surface 
free energy should also increase along the same series.  
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2.2.2 Kinetics 
 
Nucleation can either be homogeneous or heterogeneous nucleation. In the latter 
case, an extrinsic body is involved, which is not the case for the former. 
Homogeneous nucleation can be expressed as a sum of two contributions illustrated 
by equation 2.4 [37, 38, 39]. 
 
v
32 Gr
3
4r4G ∆π+γπ=∆      (2.4) 
 
where G∆  is the total  free energy change accompanying the formation of a particle 
with radius r, vG∆  is  the Gibb’s free energy change per unit volume and γ  is the 
surface energy per unit area of the interface separating the new and the parent 
phases. 
If vG∆  is negative, the free energy passes through a maximum. As the particle 
grows in size, its free energy also increases until a critical radius, ∗r  is reached. 
Particles of radius less than r will tend to dissolve, thus lowering the free energy 
while particles of radius larger than r will lower their free energy by growing. The 
free energy formation ( G∆ ) as a function of the size is illustrated in fig. 2.5. 
(c) 
(b) 
(a) 
Fig. 2.4: Schematic drawings of growth modes of thin films: (a) Volmer-Weber (3D-Island),  
(b) Frank-Van der Merwe (layer by layer) (c) Stranski-Krastanov (a and c combined). 
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2.2.3 Structure evolution during film deposition 
 
Surface and bulk diffusion mechanisms are known to control structure evolution 
during film deposition [40].  These processes are controlled by Ts/Tm (where Ts is 
the deposition temperature, Tm is the melting temperature of the film) and 
bombardment by energetic species. The bombardment by energetic species is 
influenced by such factors as apparatus geometry, pumping speeds, sputter pressure 
(P), target to substrate distance (d) and bias voltage (Vs) and external ion 
bombardment among others. The diffusion of extrinsic species in the growing film 
can also affect the film structure.  The structure zone models (SZMs) have been 
used to correlate the resulting structure and deposition parameters. The SZM was 
primarily developed for interpretation of the relationship between deposition 
parameters and the resulting microstructure in pure metallic films, but there are 
reports that show the model can be extended to amorphous and crystalline ceramic 
films as well as amorphous semiconductors [41, 42]. For example Movchan and 
Fig.  2.5:  The free energy of formation of nuclei as a function of size. ∆G 
increases when ∗< rr , hence the embryos are unstable and quickly break 
away since ∆G is positive, the system will approach equilibrium when ∆G 
decreases, and this happens when ∗> rr  since 
r
G
∂
∆∂ is now 
negative [37, 38, 39]. 
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Demchishin [43] observed that the microstructural evolution of evaporated Ti, Ni, 
W, ZrO2 and Al2O3 films could be plotted in one SZM as a function of both film 
thickness and homologous temperature (Ts/Tm). Thornton’s model for sputtered 
films also included the influence of argon pressure on the microstructural evolution 
in addition to Ts/Tm. The SZMs have been reviewed by Thornton [44], Barna and 
Adamik [45] and are usually characterized by four zones (Zone I, Zone T, Zone II 
and Zone III) as shown in fig. 2.6. These zones are described in the next section. 
 
(a) Zone I 
 
This zone is characterized by low surface diffusion of adatoms due to the very low 
deposition temperature (Ts). Films deposited in this region have under-dense 
structure, exhibit extensive porosity and an emergence of fiber texture. 
 
(b) Zone T 
 
In zone T characterized by higher Ts/Tm temperatures, adatom surface diffusion is 
significant and films with pronounced columnar structure develop. In addition, this 
zone is characterized by competitive grain growth [46]. Initially there is an equal 
distribution between (111) and (001) islands. In the latter stage it is noted that (001) 
island dominates due to differences in surface diffusivities and adatom potential 
energies, i.e. the average adatom residence time is significantly higher at lattice sites 
on low diffusivity (001) compared to low residence time in high diffusivity  planes 
(111) [40]. This competition leads to a change in morphology, texture, surface 
topography and hence the film properties. 
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(c) Zone II and III 
 
Zone II and III occur at higher Ts/Tm temperatures than zone T since now bulk 
diffusion takes place. Grain boundary migration takes place in the entire film 
thickening process. Preferred orientation during the coalescence stage is more 
pronounced and is driven by minimization of interface and surface energies [47]. 
Secondary recrystallization (abnormal grain growth) can take place and can enhance 
the degree of texture. The resulting film is composed of columnar crystals and grain 
boundary grooves are evident. The microstructure modification due to different 
growth mechanisms and the variation of the process parameters such as argon 
pressure, bias voltage and ion bombardment among others, lead to films with 
different magnitude of stresses. The next section discusses some of the stress 
models that account for the stresses generated in thin films.  
 
2.3.4 Stress models 
 
Stresses in thin films can either be tensile or compressive. Most stress models aim at 
accounting for the origin of the two types of stresses.  
Fig. 2.6: Microstructure zones (I, II, T and III) diagram for metal films 
deposited by magnetron sputtering. Ts is the substrate temperature and Tm is 
the film melting temperature 
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2.3.4.1  Tensile Stresses 
 
Among the most used models to explain the origin of tensile stresses in 
polycrystalline films, is the grain boundary relaxation model proposed by Hoffman 
and co-workers [48].  The model proposes that the strain energy, ε, in the film is 
related to  ∆L and Lg, which are the relaxation distance and the final grain size, 
respectively [48]. Equation 2.6 illustrates that the net stress (σ) scales inversely with 
the final grain size. 
 
    
1
E εν−=σ       (2.5) 
 
Equation 2.5 is Hooke’s law and is explained in more detail in section 3.4.  From 
the grain boundary relaxation model, equation 2.5 takes the form 
         
    
L
L
1
E
g
∆
ν−=σ      (2.6) 
 
         
Where ν-1
E  is the biaxial Young’s modulus of the film, E and ν are the elastic 
modulus and Poisson’s ratio of the film respectively. Other models that account for 
tensile stresses in thin films include surface tension, phase change (is associated 
with volume change), stresses caused by buried layers generated during deposition 
and  temperature difference between the surface of the film and the bulk 
(temperature gradient) [48]. 
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2.3.4.2  Compressive stresses 
 
Compressive stresses in reactively sputtered films are generally believed to arise 
from bombardment by energetic species generated in the plasma. In this case, the 
atomic peening model and subplantation models [49, 50] are used to account for the 
observed compressive stresses. Furthermore, the analytical stress model proposed 
by Davis [51] as described by Y. Pauleau [52], proposes that compressive stresses 
are caused by film atoms implanted below the surface of the film, by knock-on 
processes (equation 2.7). Davis model is in agreement with the Windischmann 
model in terms of knock-on mechanisms. The stress reducing mechanism is 
proposed to be thermal spikes caused by escapement of implanted atoms to the 
surface of the film. 
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pa
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⎢⎢
⎢⎢
⎣
⎡
+φ
φ=σ      (2.7) 
 
Ep = Energy of the incident particles 
φc = the flux of atoms condensed on the film surface. This quantity is related to the   
       deposition rate. 
φp= Bombarding flux 
ka = is a material dependent parameter 
k  = is a parameter related to the Young’s modulus of the film Ef ,  Poisson’s ratio of   
       the film νf,  sublimation energy U0,  and fractional part of the atoms displaced     
       from equilibrium positions [52]. 
 
Fig. 2.7 represents Davis models prediction of evolving compressive stresses as a 
function of ion energy. In this case the variation of compressive stress versus ion 
energy for various φc/φp ratios (1, 5 and 20) is depicted. Where φc is the net 
deposition flux and φp is the bombarding flux. Region I and II correspond to 
compressive stresses generated with less ion and high ion bombardments, 
respectively. 
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Other authors have associated compressive stresses generated in sputtered films to 
impurity incorporation [53].  Considering a particular case of group IVB-VIB 
transition metal oxides, the stress generation mechanism has been associated with 
negative oxygen ions as discussed briefly below. 
 
2.3.4.3 Structure and stress in group IVB-VIB transition metal oxides 
 
Ngaruiya et. al [54] observed that the deposition stress (ex-situ) in group IVB-VIB 
transition metal oxides deposited by dc reactive magnetron sputtering is generally 
compressive and is higher in crystalline materials (ZrO2 and HfO2) as shown in 
table 2.1. They associated the observed compressive stresses to bombardment by 
energetic species from the sputter atmosphere and in particular to oxygen ions.  
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Fig.  2.7: The variation of compressive stress versus ion energy for various 
φc/φp values (1, 5 and 20). Region depicted by I and II correspond to 
compressive stresses generated with less ion bombardment and high ion 
bombardment, respectively. 
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TiO2 
-200 MPa 
Amorphous 
/Crystalline 
V2O5 
-10 MPa 
Amorphous 
Cr 
ZrO2 
-1500 MPa 
Crystalline 
 
Nb2O5 
-200 MPa 
Amorphous 
MoO3 
-75 MPa 
Amorphous 
HfO2 
-1000 MPa 
Crystalline 
 
Ta2O5 
-300 MPa 
Amorphous 
WO3 
-100 MPa 
Amorphous 
 
Robert J. Drese extended this research by constructing an in-situ stress 
measurement system [55] and investigated in-situ stress evolution of some group 
IVB-VIB transition metals namely Ti, Zr and Nb. The investigated oxides were 
TiO2, ZrO2 and Nb2O5. For the metallic films the general trend was the shift of in-
situ stress profiles to lower stress values with increasing sputter pressure. A 
transition from compressive to tensile stress in all the metallic films with increasing 
sputter pressure was also observed and corroborated with the results of other 
authors [48, 56-58]. In the case of oxidic films (niobium oxide and titanium oxide), 
in-situ stress profiles depicted tensile stress in the early stages of growth, at 
thicknesses less than 15 nm. At thicknesses greater than 15 nm compressive stresses 
were observed. The highest recorded compressive stresses for titanium, zirconium 
and niobium oxide at the end of the deposition were ≈ 1000 MPa, 750 MPa, and 
350 MPa respectively [57, 59]. The increase in the compressive stresses in these 
oxides with increasing O2 concentration was associated to bombardment by 
energetic negative O2 ions.  Stanislav Mräz et.al [60] have also reported the presence 
of O- ions with high and medium energies as the ones responsible for stress 
evolution of these oxides. 
 
 
 
Table 2.1: The summary of ex-situ stress in group IVB-VIB 
transition metal oxides [54] 
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This research work therefore extends the investigation of group IVB-VIB material 
systems, deposited by dc reactive sputtering. These include thin films of ZrNx, 
NbNx and WxNy. The work aims to contribute to the growth and stress generating 
mechanisms in these films as discussed previously.  Additional measurements based 
on these nitrides namely Zr-O-N and Nb-O-N material systems have also been 
performed. In the next chapter, we describe the theory of the main characterization 
techniques employed in this research work. 
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Chapter 3 
 
Theory:  Characterization techniques 
 
This chapter provides the theoretical background of the experimental tools used to 
perform systematic measurements of structure, composition, stress as well as optical 
properties of the films. In this regard the principles of x-ray diffraction and 
reflectometry are provided to illustrate the determination of the structural property, 
film thickness, density and last but not the least the interfacial roughness. The 
stoichiometry or composition of any material is necessary in order to get a clear 
correlation between different material properties. For this aspect we present a brief 
description on Rutherford backscattering spectroscopy. This is followed by the 
treatment of the theory of stresses and stress determination by two methods namely; 
x-ray sin2ψ and wafer curvature. Lastly, the theory of spectroscopic ellipsometry is 
given as this technique provides important information of thin films such as optical 
constants and optical band gaps among others. 
 
3.1 X-ray Diffraction  
 
The  total coherent scattering at a point P by an unpolarized x-ray beam of total 
intensity I0 after impinging on a single electron in a material is given by Thomson 
equation of the form; 
 
 
2
2cos1
cmr
eII
2
422
4
0e ⎟⎟⎠
⎞
⎜⎜⎝
⎛ θ+=      (3.1) 
 
Where m is the electron mass, c is the speed of light, and e is the electron charge. 
The term r is the length of the position vector to P and 2θ is the angle between r and 
the incident beam direction as illustrated in fig. 3.1. The number of scattering 
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centers will depend on the atomic number Z of the material. The total sum of all 
scattering events within the atom is given by the form factor of the atom (f0). This 
factor is the Fourier transform of the electron density function ( eρ ) within a single 
atom and is normalized in units for the scattering of a single electron as shown in 
equation 3.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
∫ ρ=
atom V
3rKi
e0 rde   f
rr
     (3.2) 
 
It can further be shown that for a radial symmetric electron distribution around an 
atom, f0 yields: 
 
∫ ρ=
atom r
0
2
e0 drKr
)Krsin(r)r(f     (3.3) 
 
Where the quantity K is given as  λ
θπ= )(sin4K  
For the case where 0r →  or 0K →  (scattering in the forward direction), 
1
Kr
)Krsin( =  and the atomic form factor is therefore equal to the number of electrons 
in the atom. This implies scattering without phase difference.  
Fig. 3.1: Schematic illustration of coherent 
scattering by a single electron in an atom of atomic 
number Z. r
r
 is the position vector of the scattered 
intensity at position P [61]. 
2θ 
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For a unit cell consisting of different elements, the scattered intensity will depend 
on the individual atomic structure factor (fj) of the constituent atoms. In addition the 
phase of the scattered intensity will be determined by the atomic position. Thus, the 
sum of the scattered waves with respect to their phase difference is described by the 
structure factor (Fhkl) shown in equation 3.4.  
 
∑
=
++π=
N
1j
)lwkv(hu i2
jhkl
jjjefF      (3.4) 
 
Where hkl defines a given reflection and uj,  vj  and wj are the corresponding 
coordinates of the atoms in the lattice cell. The next section discusses Bragg’s law 
and the scattering of x-rays from atomic planes. 
 
3.1.1 Bragg’s equation 
 
When a perfectly monochromatic, parallel beam of x-rays impinge on an infinite 
single crystal that is perfect through its volume, constructive interference 
(diffraction) will occur only if Bragg’s law (equation 3.2) is satisfied and the 
structure factor (Fhkl) defined above is non-zero. 
 
2dhkl sin θ = nλ      (3.5) 
 
Where dhkl , θ, n and λ are the interplanar spacing, the angle of the lattice planes 
with respect to the incident x-ray beam, order of diffraction and the wavelength of 
the x-ray beam, respectively. Figure 3.2 represents scattering of x-rays from atomic 
planes. Ewald introduced another representation of Bragg’s law in-terms of the 
reciprocal lattice. It states that the difference between  0k
r
  (incident vector) and k ′r  
(diffracted vector) is equal to a reciprocal lattice vector G
r
 (connecting two lattice 
points in reciprocal space) as shown in fig. 3.2. The spacing of the lattice planes is 
given by G
rπ= 2d hkl . A typical x-ray spectrum resulting from diffraction from 
lattice planes is shown in fig. 3.3.  
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Fig. 3.3: Schematic representation of a typical XRD spectrum of a 
WN thin film deposited on glass substrate. The peak position, peak 
broadening at full width at half maximum (BFWHM) and the peak 
intensity have been extracted from the Pseudo-Voigt fit. 
Fig. 3.2: Bragg’s condition in real space. When the path 
difference θ=∆ sin2d hkl between rays scattered from 
parallel planes is equal to a multiple of the wavelength, λ, 
then constructive interference occurs and a Bragg peak 
appears at the corresponding angle 2θ. 
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From the XRD spectrum such as the one depicted in fig. 3.3, quantities that can be 
extracted include the angular position (2θ), peak width at half maximum (BFWHM)) 
and peak intensities among others. Structural information of the films that can be 
obtained from these quantities includes: 
(a) Grain size 
(b) Microstrain and macrostrain 
(c) Information about preferred orientation (texture) among others. 
The lattice spacing of a particular reflection (hkl) can be calculated by inserting the 
angular position (θ) into the Bragg’s equation. It should be pointed out that the 
angular positions and  peak intensities are good tools used in identifying different 
material systems in reference to the literature (JCPDS: Joint committee of powder 
data standard file). From JCPDS the peaks can then be indexed by their Miller 
indices (hkl). The deviation of the peak position from the expected peak position 
indicates the presence of stresses in the films or possibly alignment errors of the 
diffractometer. To rule out alignment problems, the diffractometer is usually 
aligned using a standard sample such as strain free silicon, prior to any diffraction 
experiment. Stresses and strains result from thin film deposition, heat treatment, 
chemical treatment and phase transformation among others. More details on stresses 
and strains are discussed in section 3.4. The BFWHM is contributed by the grain size 
(d), microstrain induced broadening (Bstrain), and instrumental broadening (Binst). 
Equation 3.7 shows the Scherrer formula that includes microstrain, ε.  It should be 
noted that when the microstrain (ε) is negligible, equation 3.7 takes the standard 
Scherrer formula. BFWHM has to be corrected by the instrumental broadening (Binst) 
to obtain the broadening Bsample as shown below. 
 
    sin  4 
d
k cos Bsample θε+λ=θ    (3.7) 
 
  BB  B 2inst
2
FWHM
2
sample −=    
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Where BFWHM is the experimental broadening of the (hkl) Bragg reflection, Bsample  
is the corrected broadening and includes intrinsic broadening (Bintrinsic), grain size 
and Bstrain. For high dislocation densities, Bintrinsic is negligible. The angle, θ is the 
Bragg angle, d is the grain size, λ is the x-ray wavelength and k is a parameter that 
ranges between 0.8-1.3. 
The intensity as depicted by different orientations can be used to give information 
about the crystallinity of the material or the preference of a film to grow in a certain 
direction (texture) as discussed below. 
 
3.1.2 Texture: Grain orientation 
Texture refers to the statistical distribution of grain orientations. The texture is 
usually introduced in the fabrication processes and affect the material properties 
such as electrical, magnetic and mechanical properties [62]. Texture measurements 
determine the orientation distribution of crystalline grains in a polycrystalline 
sample. A material is textured, if the grains are aligned in a preferred orientation 
along certain lattice planes. A quick way of obtaining information on preferred 
orientation from a conventional XRD scan is by comparing the observed peak 
intensities with calculated intensities in the literature. If any radical disagreement 
between the observed and the calculated intensities exists, this is immediate 
evidence of preferred orientation. Complete description of preferred orientation is 
obtained by performing pole figure measurement.  A pole figure is measured at a 
fixed scattering angle and consists of a series of φ -scans (in- plane rotation around 
the center of the sample) at different tilt angles (ψ). A texture measurement (pole 
figure) is often plotted in polar coordinates consisting of the tilt and rotation angles 
with respect to a given crystallographic orientation. From pole figure 
measurements, three types of texture are easily distinguishable, namely random 
orientation of crystallites, fibre texture and in-plane texture on crystalline substrates. 
Random orientation of crystallites results in featureless pole figures while fibre 
texture is characterized by rings about the fibre axis. In-plane texture is 
characterized by four distinct spots separated at 90o around the pole figure. Typical 
pole figures for fibre texture and in-plane texture of films on fcc (100) single crystal 
substrates are shown in figure 3.4a and 3.4b respectively. 
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3.2 X-ray reflectometry 
 
X-ray reflectometry is an important technique for determining film density, 
thickness, surface and interfacial roughness. The dielectric function of materials in 
the X-ray region has almost the same form as the Drude model for free electrons 
[63]. 
( ) 2
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D
2
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2
D
2
2
pu
D
2
2
pu i-1 
ωiΓω
ω
- 1 ε Γω+ω
Γω−Γ+ω
ω=+=ω
v    (3.8) 
 
Where the real and imaginary part of  )(ωεr , in equation 3.8 above are given as 
)(1 ωε and )(2 ωε  respectively. puω  is the effective plasma energy and DΓ  is the 
broadening or the damping factor. These parameters take into account all free and 
bound electrons in the material. For ω >> ωpu, 
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22
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Γω≈ωε=ω     (3.9) 
(b) 
Fig. 3.4: Schematic illustration of frequently observed pole 
figures (a) pole figure of a fibre textured film where all 
crystallites have a specific set of hkl planes roughly 
parallel to the film surface but having different orientations
within the film surface (b) pole figure for a film on fcc 
(100) single crystal substrate exhibiting in-plane texture, 
where distinct spots separated by 90o in the pole figure are 
apparent. 
(a) 
ψ 
φ 
ψ 
φ
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The refractive index of a material upon exposure to x-rays is related to ε1(ω) by the 
expression 
 
( )    
2ω
ω
- 1 ε)(n 2
2
pu2
1
1 ≈ω=ω               (3.10) 
 
The plasma frequency ( puω ) depends on the electron density through the relation; 
 
2
1
2
pu m
Ne4
⎟⎟⎠
⎞
⎜⎜⎝
⎛ π=ω ∗                (3.11) 
 
Where e is the electron charge and m* is the effective mass of the electrons. 
Equation 3.10 shows that the refractive index of the material irradiated with x-rays 
is less than 1. Hence the refractive index of air is greater than that of the thin film.  
Now, when an x-ray beam impinges on the film surface at angles less than or 
approximately equal to 0.2o, specular reflection occurs.  
Increasing the incident angle leads to a critical angle (θc), below which total 
external reflection occurs. The critical angle for total external reflection is related to 
the refractive index in the form 
 
n
2
1 cos
2
c
c =θ−=θ                (3.12) 
 
Most material systems have critical angles between 0.2o- 0.6o. The critical angle θc 
is particularly important since it is possible to correlate it with the mass density (ρm) 
of a material, according to the expression;  
 
m
2
c    ραθ                 (3.13) 
 
Below the critical angle, x-rays penetrate into the film and interference arises due to 
reflections on the film-substrate interface and the film surface as illustrated in  
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fig. 3.5 and 3.6. The film thickness can be determined from the spacing of the 
interference fringes, while the surface and interface roughness are associated with 
the overall decay in reflected intensity due to scattering in non specular directions 
[64, 65].  
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Fig. 3.5: Schematic diagram 
showing the reflection of the 
x-rays at the film surface and 
at the interface between the 
film and the substrate. Rays 1 
and 2 form interference
patterns that are used for 
determining the film 
thickness (df).  
Fig. 3.6: Typical XRR pattern obtained from a thin film 
deposited on a substrate. The density, thickness and roughness 
of the film are obtained from the critical angle (θc), period of 
oscillations and intensity decay, respectively. 
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3.3 Rutherford backscattering spectroscopy (RBS) 
 
RBS is a popular thin film characterization technique that relies on fast moving light 
ions mostly +He4  or ++He4 , which penetrate the atomic electron cloud shield and 
undergo close-impact collisions with the nuclei of the much heavier stationary 
target atoms. The collision is insensitive to electronic configurations or chemical 
bonding of the target atoms, but depends solely on the masses and energies 
involved. Figure 3.7 shows how the incident energy is backscattered by target 
atoms, where  E0 is the incident energy, E1 and E2 are the backscattered energies, df 
is the film thickness and θ is the angle between the backscattered particles with 
respect to the incident beam.  
Figure 3.8 shows a typical RBS spectrum from such backscattered energies. The 
film consists of only one element as only one peak is observed.  The energy 
difference ∆E, shown in the peak is the difference between the reflected energy at 
the surface (E1) and the energy reflected after striking the film substrate interface 
(E2). The area of this peak gives the atomic density. The peak height is directly 
proportional to the atomic concentration. The peak width is directly proportional to 
the layer or film thickness if the ion energy attenuation with distance is known. The 
roughness of the film is exhibited by the left edge (falling) of the peaks. The 
broadening of the substrate peak is due to the drastic loss of energy of the incident 
beam which is no longer monoenergetic. 
 
+He4  
E0 =1.4 MeV 
E1  
E2  
To 
detector 
df
θ 
Fig.  3.7: Schematic illustration of backscattered energies in RBS. 
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The backscattered energy E1 can be determined by the relation 
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+
θ+θ−=              (3.14) 
 
Where M0 is the mass of primary ions, usually Helium and M is the mass of target 
atom. The above expression can be simplified in the form;  
 
0m1 EKE =                (3.15) 
 
Where Km is the kinematic factor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3.8: Schematic representation of a typical RBS spectrum of a 
thin film deposited on carbon substrate. The film consists only of one 
element as only one peak is observed. The area of the peak for this 
element gives the atomic density (atoms/cm2). 
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3.3.1 Rutherford backscattering cross-section and yield 
 
An important parameter in Rutherford backscattering is the Rutherford cross-section 
( Ωσ dd ). The scattering cross-section is a measure of how efficiently target atoms 
scatter incoming ions and it is a function of the atomic numbers of the incident ion 
(Z1) and the target (Z2), atomic mass M1 and M2 of the  ion and the target 
respectively and the scattering angle (θ). The scattering cross-section is 
mathematically represented as [66]: 
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The Rutherford cross-section is also an input parameter in the calculation of the 
number of elastically scattered particles referred to as the yield (Y) and it is 
mathematically expressed as; 
 
d  Q  d
d NtY ε∆ΩΩ
σ=               (3.17) 
 
Where Nt denotes the area density in atoms/cm2, Q is the number of incident 
particles which is obtained by integrating the incident beam current for a given 
time, ∆Ω  is the detector solid angle and  dε  is the detector efficiency. It should be 
pointed out that the energy loss as the particle traverses through the material is 
primarily through ionization and inelastic collisions with electrons of the target 
atoms. The inelastic collisions are classified as “fast” and “slow”. For high energy 
particles the stopping cross-section decreases with increasing velocity as the particle 
spends less time around the target atom. The energy loss per unit length is 
represented as: 
 
I
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Where n is the electron density (electrons/cm3), V is the velocity of the projectile 
(ion), m is the mass of the electron, I is the average excitation energy of the 
electron, e is electron charge and Z1 is the atomic number of the projectile. 
 
3.4 Mechanical Properties 
 
As mentioned in chapter 1, the residual stresses in thin films result in deleterious 
effects such as device breakdown, cracking, as well as adhesion problems. In some 
cases stresses have an important effect on phase transitions, as well as the chemical 
and electrical behaviour of the films. Therefore it is important to measure them in-
order to understand the relevant mechanisms responsible for stress generation. This 
would allow the control of stresses as well as tailoring of material properties. In the 
next section the definition of stress and stress theory is given.  This is followed by a 
brief theory of stress determination using x-ray diffraction sin2ψ method and a 
wafer curvature based method. 
 
3.4.1 Stress: Definition 
 
Figure 3.9 shows a body of area (A) subjected to an applied force (F). Stress is 
therefore defined as: 
 
A
F=σ                (3.19) 
 
The application of opposite but equal forces results in a deformation also referred to 
as strain ( ε ), which is mathematically defined as: 
 
ol
l∆=ε                (3.20) 
 
Where l∆  and 0l  are the change in the length after the deformation and original 
length, respectively. 
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The stress and strain are related through Hooke’s law as expressed in the preceding 
chapter in the form; 
 
εν−=σ 1
E                (3.21) 
 
Where E is the elastic modulus and ν  is the Poisson’s ratio which represents the 
contraction or expansion of the body perpendicular to the axis of the applied force.  
A body is in a state of compressive stress if the forces act towards each other 
(compression) while tensile stress will occur if the forces act away from each other 
(expanded state). The deformation is said to be elastic or reversible whenever the 
body returns to its original shape after removal of the applied forces. If on the other 
hand the body shows a permanent change of shape after removal of the forces, it is 
said to be inelastic, plastic or irreversible. 
 
3.4.2 Stress in three dimension 
 
For the complete description of stress in three dimensions, a total of nine 
components are required because it is a second order tensor. This is clearly shown 
by the nine matrix elements, σij in equation 3.22. The first index (i) indicates the 
tensor direction while the second index (j) defines the normal of the plane in which 
the stress acts. The stress components are drawn in fig. 3.10. Normal stresses act 
along the direction of the axis indicated by the repeated indices, σxx, σyy, and σzz. 
ol  l ∆
Α FF  
Fig. 3.9: Schematic illustration of the force (F) applied to a 
body of original length ol   and area (A) and the resulting 
deformation (in one dimension). 
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The strain is also a second order rank tensor described as 
 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
εεε
εεε
εεε
=ε
zzzyzx
yzyyyx
xzxyxx
ij                (3.23) 
 
Y 
Z 
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σxx 
σyx σxy 
σyy 
σxz 
σzy 
σzx 
σyz 
σzz 
Fig. 3.10: Schematic illustration of the stress components σij. The first index 
(i) indicates the tensor direction while the second index (j) defines the normal 
of the plane in which the stress acts. 
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In a three dimensional body, the elastic modulus can either be constant in the 
system (isotropic) or change with orientation (anisotropic). In this case Hooke’s law 
takes the form [61]; 
 
klijklij S σ=ε                (3.24) 
and 
klijklij C ε=σ                (3.25) 
 
respectively. Where ijklS  and ijklC  are the compliances and stiffness moduli of the 
crystal which are tensors of the fourth order. This implies that they consist of 81 
components.  
 
Since    jiklijkl CC =                (3.26) 
and 
jiklijkl SS =                (3.27) 
 
the number of components in the ijklC  and  ijklS  reduces to 36. Now, the stress and 
strain vectors in one dimension can be written as: 
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From equations 3.25 and 3.28, the symmetry of a cubic system is expressed as; 
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It can further be shown that in an elastically isotropic system such as an amorphous 
medium or in a polycrystalline material, the symmetry is of the form; 
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Now, let us take the case of a simple elastic medium such as the bar shown in fig. 
3.9 above, the compliance and stiffness are related through: 
 
1CS −=                (3.31) 
 
The modulus of elasticity is then given as 
11s
1E =                (3.32) 
while Poisson’s ratio reads as: 
11
12
s
s=ν                (3.33) 
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The two elastic constants E and ν  are important in the determination of stresses as 
illustrated in the brief theory of stress determination by XRD sin2ψ  and wafer 
curvature based methods. 
 
3.4.3 Stress measurement by x-ray diffraction (sin2ψ method) 
 
The XRD sin2ψ technique can be used to selectively measure the lattice spacing of 
only those crystals of a selected phase, which have a specific orientation relative to 
the sample surface, by measuring θ and calculating d from Bragg’s law. To 
calculate the lattice spacing (dφψ ) of other orientations relative to the sample 
surface, the sample is rotated and tilted in the φ and ψ directions, respectively [67, 
68]. The strain (εφψ) can be expressed in terms of the crystal lattice spacing in the 
form of equation 3.34, where d0 is the stress free lattice spacing and dφψ is the lattice 
spacing measured in φ and ψ direction. 
 
0
0
d
d-d
 φψφψ =ε                (3.34) 
 
For biaxial stresses of an isotropic system, the stress tensor can take the form [61];  
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Using equation 3.24, 3.34, 3.35 and strain εφψ as a product of direction cosines and 
strain tensor [61], it can be shown that 
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Where φσ  is the stress acting at the rotational angle φ. Equation 3.36 can be 
rewritten in the form; 
 
( ) 00yyxxf20f dd Evsin d  Ev1d +σ+σ−ψσ+= φφψ             (3.37) 
 
Equation 3.37 is commonly employed in stress determination using XRD and hence 
referred to as sin2ψ technique. The stress component φσ , can also be expressed as; 
 
φσ+φσ+φσ=σφ 2yyxy2xx sin2cos                (3.38) 
 
For a fixed rotational angle φ = 0, then xx  σ=σφ . Now, for cubic systems such as the 
ones investigated in this research work, yyxx   σ=σ . Equation 3.37 therefore takes the 
form: 
 
( ) 00f20f dd 2E
vsind 
E
v1d +σ−ψσ+=φψ              (3.39) 
 
Where E and νf are the elastic modulus and the Poisson’s ratio of the film under 
investigation, respectively. For an isotropic material, the lattice spacing dφψ plotted 
against sin2ψ yields a straight line. The intercept of the slope is given by the 
unstressed lattice spacing d0, minus the ratio Evd2 f0σ  as shown in equation 3.39. 
Since the lattice spacing measured at  ψ = 0 differs by not more than 0.1% from the 
unstressed lattice spacing, then  the intercept of the plot can be substituted for d0 
[68]. The stress is determined from the slope, if the elastic constants and the 
unstressed lattice spacing are known. A positive slope indicates tensile stress while 
a negative slope corresponds to compressive stress. This is illustrated in fig. 3.11 
which depicts compressive stress of a stoichiometric ZrN crystal determined using 
this technique [69]. 
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From equation 3.39,  the slope in figure 3.11 is given by: 
 
0.001)Å    (-0.028 d
E
1
sin
d
0
f
2 ±=σν+=ψ
ψ  
 
With do ≈ 2.696 Å (extracted from the intercept of ψd  axis) and taking E and ν  
equal to 248 GPa and 0.16 respectively [70], the stress of the ZrN, σXRD   is (-2220 ±  
80) MPa. 
 
3.4.4 Wafer curvature methods 
 
Another technique employed for the stress determination in thin films is based on 
the substrate curvature. The induced stress (σ) is determined by measuring the 
substrate curvature before and after deposition. This is based on a technique known 
as the wafer curvature method. Fig. 3.12 (a) through 3.12 (c) shows a flat substrate, 
substrate bending due to a film under tensile and compressive stress, respectively 
Fig. 3.11: Lattice spacing of d111 planes versus sin2ψ of 
a stoichiometric ZrN determined by conventional XRD 
for different tilt angles. The film exhibits compressive 
stress due to the negative slope of the plot [69]. 
  
 41
[71].  The corresponding forces that act on the film and the substrates are also 
shown. 
 
 
 
 
 
 
 
 
 
 
The derivation of the stress equation employed in this method is explained below. A 
force F
r
 causing stress in the film will induce bending moments Mx and My in the 
plane along the x and y axes of the system are expressed as: 
 
r  FMM yx
rr ⋅==               (3.40) 
 
The magnitude of the x and y component of the bending moments are given 
respectively by the expression [72]: 
 
sfxx dwd2
1M τ=               (3.41) 
and 
sfyy dd2
1M lτ=               (3.42) 
 
Where τ  is the shear stress due to the force on the substrate, w and l are the width 
and length of the sample, while df and ds are the film and substrate thicknesses, 
respectively. The nature of the substrates determines the relation between the 
bending moments and the radius of curvature of the substrate. For substrates such as 
hexagonal (0001), cubic (100) and (111), the expressions for the x and y 
components of the bending moments will be of the form; 
Fig. 3.12: (a) Flat substrate (without film), (b) substrate bending due to film under tensile 
stress and (c) due to compressive stress. The forces acting on the film and the substrate 
are shown by the arrows. 
(b) (c) (a) 
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Combining equations 3.41 through 3.44 leads to an expression of the induced stress 
along the x and y axis of the form; 
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respectively. For the case of an isotropic thin film such as an amorphous or a 
polycrystalline sample the stress components, xσ  and yσ  are equal.  Equations 3.45 
and 3.46 therefore reduce to: 
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Equation 3.47 is Stoney’s equation [73]. Since ideal substrates are not common in 
stress experiments employing curvature based method, Stoney’s equation is usually 
written as: 
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Where Es/(1-vs), ds, df denote the biaxial modulus, substrate and film thicknesses 
respectively. Rfs is the radius of curvature after deposition while Rs is the radius of 
curvature before film deposition. Recently changes in the substrate curvature during 
thin film deposition can be detected which enables stress monitoring during film 
synthesis [55-58, 74]. Some advantages of the wafer curvature methods are based 
on the fact that the measurement of stresses of crystalline as well as amorphous 
films is possible. Furthermore, the knowledge of elastic constants of the film is not 
required.  
 
3.5 Optical properties using ellipsometry 
 
Spectroscopic ellipsometry (SE) is a good characterization tool that is used for the 
determining the optical constants, optical band gap, electronic structure and film 
thickness of the deposited materials. This technique measures the change in 
polarization state of a linearly polarized beam of light after non-normal reflection 
from the material under investigation. Figure 3.13 shows a schematic diagram of the 
reflected and transmitted components of a plane electromagnetic wave. The electric 
field components parallel ( pi,E
r
) and perpendicular ( si,E
r
) to the plane of incidence 
for the incident beams are shown. pr,E
r
, sr,E
r
, pt,E
r  and st,E
r
 are the reflected parallel, 
reflected perpendicular, transmitted parallel and transmitted perpendicular electric 
field components, respectively.  ik
r
, rk
r  and tkr  are the incident, reflected and 
transmitted wave vectors respectively. The incident and refracted angles (θ) and (θ1) 
are also shown, respectively. The interaction of the electromagnetic wave with the 
material is described by two complex Fresnel reflection coefficients 'pr  (parallel to 
the plane of incidence) and 'sr  (perpendicular to the plane of incidence). 
Such that 
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likewise 
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The complex reflection coefficients 'pr  and 
'
sr   are the two measurable quantities by 
ellipsometry and are related by equation 3.51 given below. 
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In this expression, ψ and ∆ represent the change in phase and amplitude of the 
reflection ratios respectively. The two parameters are illustrated in the elliptical 
polarized electromagnetic wave in figure 3.14 where 
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Fig. 3.13: Schematic diagram showing reflected and transmitted components of a 
plane electromagnetic wave. The electric field components parallel (
pE
r ) and 
perpendicular (
sE
r ) to the plane of incidence are shown. ik
r , 
rk
r  and tk
r
 are the 
incident, reflected and transmitted wave vectors while θ and θ1 are the angles of 
incidence and refraction. 
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3.5.1 Optical constants 
 
Optical constants describe the response of a material to excitation by an 
electromagnetic field at a given frequency. From the measurable quantities (ψ, ∆), 
the optical constants of a material can be extracted. For isotropic materials, two real 
parameters (or one complex parameter) are sufficient for this purpose. Consider a 
point inside the material of interest at which some externally applied electric field 
E
r
 exists. The polarization field P
r
 is defined as the additional electric field induced 
at that point by the external field, and is (in the absence of a non-linear effect) 
proportional to the external field: 
 
E~P 0e
rr εχ=                (3.54) 
 
Where e~χ  is the electric susceptibility of the material, which is related to the 
excitation of the material at different frequencies and ε0 is the free space dielectric 
Fig. 3.14: Schematic illustrations of the elliptical polarization of the electrical field, where Es 
is the component perpendicular to the plane of incidence and Ep is the component parallel to 
the plane of incidence. (a) Illustrates the incidence angle Psi (ψ) and (b) illustrates the 
parameters a and A used in phase difference (∆) computation. 
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constant. The displacement field D
r
can be shown from Maxwell’s equations as the 
sum of the external electric and polarization field; 
 
( ) E ~1D 0e rr εχ+=               (3.55) 
 
The complex dielectric function of the material is then defined as the constant of 
proportionality between the displacement and electric field: 
 
( ) )(i)(  ~1)(~ 210e ωε+ωε=εχ+=ωε              (3.56) 
where the real part  )(1 ωε  describes the dispersion of the electromagnetic energy, 
and the imaginary part  )(2 ωε  describes dissipation of electromagnetic energy.  If 
the dielectric function carries information of the substrate material, such that it 
includes the film dielectric function )(~ ωε  together with the film thickness (df), then 
the resulting dielectric function is referred to as the pseudo-dielectric function. 
Figure 3.15 illustrates the propagation of light in such a system. The figure 
illustrates a beam of light at oblique incidence in an optical system consisting of 
three media with refractive indexes n0, n1 and n2 with parallel interfaces which 
consist of incident, reflected and refracted beams.   
 
 
 
 
 
 
 
θ θ 
θ1 
θ2 
Medium 0, n0 
(Ambient) 
Medium 1, n1 
(Film) 
Medium 2, n2 
(Substrate) 
df 
Fig. 3.15: The propagation of a light beam in an optical system consisting of three  
media with reflective indexes n0, n1 and n2. Medium 1 has a film thickness df. 
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Now, it can be shown that the real part ε1 (ω) and the imaginary part ε2 (ω) of the 
complex dielectric function of a solid )(~ ωε are related through Kramers-Kronig 
relations as shown below [75, 76].  
ω′∫ ω−ω′
ω′εω′
π+=ωε
∞
d )(   P21)(
0
22
2
1               (3.57) 
 
ω′∫ ω−ω′
−ω′ε
π−=ωε
∞
d 1)(   P2)(
0
22
1
2              (3.58) 
 
Equation 3.57 and 3.58 hold only if the causality condition is satisfied. P denotes 
the principal value of the integral at the material’s electronic resonance (ω` = ω).  
 
Since   )(n~)(~ 2
1 ω=ωε                (3.59) 
and    )(ik)(n )(n~ ω+ω=ω                (3.60) 
then    )(k)(n)( 221 ω−ω=ωε               (3.61) 
and     )(k )(n 2)(2 ωω=ωε                (3.62) 
 
where )(n ω  is the real index of refraction and )(k ω  is the index of absorption 
(extinction coefficient). Equations 3.61 and 3.62 imply that Kramers-Kronig 
relation can also be expressed in terms of real )(n ω  and imaginary )(k ω  parts of 
index of refraction  related through; 
 
   ω′ω−ω′
ω′ω′
π+=ω ∫
∞
d)(k   P21)(n
0
22                (3.63) 
and 
ω′ω−ω′
−ω′
π−=ω ∫
∞
d1)(n   P2)(k
0
22                (3.64) 
 
Kramers-Kronig relations imply that if the absorptive (imaginary) parts of a solid 
are known in the whole frequency range then the dispersion in the whole range can 
be determined. 
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Chapter 4 
 
Experimental Procedures 
 
This chapter begins by describing the procedures of film deposition. This is 
followed by discussions of the experimental procedures employed with the 
characterization techniques discussed in the preceding chapter. These include x-ray 
diffraction (XRD), x-ray reflectometry (XRR), texture measurements (pole figure), 
Rutherford backscattering spectroscopy (RBS), stress measurements using XRD 
sin2ψ  and wafer curvature based methods and lastly spectroscopic ellipsometry. A 
brief procedure of how transmission electron microscopy (TEM) and resistivity 
measurements were carried out is also provided. 
 
4.1 Film deposition 
 
ZrNx, NbNx, ZrOxNy and NbOxNy material systems were grown on unheated Si 
(100), glass and carbon substrates using the sputter system in the configuration 
shown in fig. 4.1. The sputter system is equipped with two cylindrical magnetrons 
(Angstrom sciences ONYX-3STD assembly with electro pneumatic shutter) of 76 
mm in diameter. The system enables the sputtering of up to seven samples without 
venting. Due to the movable sample system and shutter mechanisms, the sputter 
system can be used to sputter multilayer films. Attached to the sputter system is also 
a laser and mirror setup that enables stress measurement during deposition (in-situ). 
This setup is discussed in more detail in section 4.5.3. The sputtering chamber was 
pumped down to  ≈ 10-7 mbar prior to every deposition. A DC power supply was 
used to provide a discharge of constant current of 600 mA at a target to substrate 
distance of 75 mm. A Zr target of 99.99 % purity was sputtered in Ar-N2 
atmosphere, in which the N2 concentration in this case flow, was varied in the range 
from 0-22 sccm systematically (low high N2 flow) while the argon flow (sccm) was 
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adjusted (high to low Ar flow) to maintain a constant pressure of 1.0 Pa. To deposit 
films at different pressures, the N2 flow was fixed at 10 sccm to obtain a single 
phase of ZrN and then the argon pressure was varied in the pressure range from 
0.55 Pa – 3.0 Pa. To sputter films at different powers in the case of ZrNx, the 
nitrogen flow was fixed at 14 sccm and the sputter power was adjusted to 110 W, 
160 W, 250 W and 270 W. For NbNx films a Nb target of 99.99 % purity was 
sputtered in Ar-N2 atmosphere, in which the N2 flow was varied in the range from 
0-35 sccm while argon flow (sccm) was varied to maintain a constant pressure of 
1.0 Pa. Zr-O-N and Nb-O-N systems were deposited by varying Ar-N2 flow to 
obtain ZrN and NbN phases and were then followed by introduction of small 
amounts of oxygen concentrations of 1.0, 1.5 and 2.0 sccm respectively. It should 
be pointed out that WxNy was prepared by a different sputter system that is 
described elsewhere [32].The sputtering pressure of 0.7 Pa and a sputtering current 
of 300 mA were fixed, and the film composition was varied by changing the N2 
flow in the range from 0-50 sccm. To deposit films at different pressures, the N2 
flow was fixed at 15 sccm to obtain W/N with 1:1 composition and then the argon 
pressure was varied in the pressure range from 0.3 Pa – 5.0 Pa.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 + - 
Magnetron 
Target 
Shutter 
Sample drive 
system 
Mirror 
Laser beam (see 
section 4.5.3 for 
more details) 
Gas inlet 
To pump 
system 
Fig. 4.1: Schematic diagram of the 
sputter system used to prepare ZrNx, 
NbNx, ZrOxNy and NbOxNy. More 
details of the sputter system can be 
obtained from references [55, 57] 
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4.2 X-ray Diffraction experiments  
 
All x-ray measurements that include x-ray diffraction in Bragg Brentano mode (BB) 
and grazing incidence mode (GXRD), texture measurement, x-ray reflectometry and 
residual stress measurements using x-ray diffraction sin2ψ technique were carried 
out with a Philips X’pert MRD diffractometer.  Fig. 4.2 shows this system 
illustrating the position of the x-ray source, incident optic components (manual slits, 
attenuator, programmable divergence slits (PDS), soller-slits among others), 
diffracted beam optic components (monochromator, soller-slits, programmable 
receiving slits (PRS), programmable anti-scatter slits (PASS) among others), sample 
position and the Eulerian cradle. X-rays with CuKα  radiation (40 kV, 45 mA and  λ 
= 1.541837 Å) impinge on the sample located at the sample stage which rotates 
around an axis perpendicular to the plane of the diffractometer in either θ ≡ ω, ψ 
and φ direction. The sample stage is enlarged in figure 4.3 for clarity. Where θ ≡ ω, 
ψ and φ are described by the rotation of the sample along the arcs defined by ω´, ψ´, 
φ´ respectively. A brief description of the different geometrical methods is 
presented below.  
 
4.2.1 Bragg-Brentano geometry (BB) 
 
In the Bragg-Brentano geometry also referred as the conventional geometry, the 
sample is rotated against the primary beam at a constant angular speed, whereas the 
detector moves around the specimen at twice the speed as illustrated in figure 4.4. 
The diffraction angle 2θ is thus always twice the incident angle θ. This type of scan 
is often referred as a 2θ/θ scan. Whenever the Bragg condition is fulfilled, the 
primary beam is reflected by the sample to the detector. The observed reflections 
are only due to the lattice planes parallel to the sample surface. In this thesis, XRD 
scans in Bragg-Brentano modes (BB) were performed in the range from 20o ≤ 2θ ≤ 
90o. The actual ranges are presented in the results section. The XRD peaks were 
fitted with the Pseudo-Voigt function as illustrated in the next section. 
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Fig. 4.2:  photograph of the Phillips X’pert MRD system illustrating the position of 
the x-ray source, incident optic components, sample position, different angle 
components (ω, ψ and  φ), diffracted beam optic components and the Eulerian 
cradle. PRS, PASS and PDS are acronyms for programmable receiving slits, 
programmable anti-scatter slits and programmable divergence slits respectively. 
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Fig. 4.3: Schematic illustration of angles  θ ≡ ω, φ and ψ. The 
figure also illustrates possible angular movement depicted by 
arcs ω´, ψ´ and φ´   executed by the sample during different 
diffraction experiments. 
φ
ψ
θ≡ω
Z (perpendicular to 
     the sample) 
X 
Y (perpendicular to the plane of the 
     diffractometer)
φ´
ψ´ 
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Sample 
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4.2.2 Grazing incidence x-ray-diffraction (GXRD) 
 
In the grazing incidence angle geometry (GXRD), the sample is fixed at a glazing 
angle usually between 0.3-3o and a detector scan is performed. In this geometry, the 
Bragg reflections from planes parallel to the sample surface are absent. Bragg 
reflections occur from planes oriented in other directions. In this configuration only 
the near-surface layer is illuminated. Therefore the produced diffraction pattern 
reveals the structure of the near surface region in preference to the interior.  
0o 
60o 120o
180o 
2θ 
X-ray tube 
Incident beam 
optics 
Diffracted 
beam optics 
Detector
Diffractometer plane 
Sample
Fig. 4.4: Typical x-ray diffractometer indicating the x-ray source, 
incident optics, sample position, diffracted beam optics and the 
movement of the detector in the plane of the diffractometer during 
2θ/θ scans.  
  
 55
By varying the incident angle, the penetration depth can be tuned and hence the 
interior of the sample can also be investigated.  
This makes the geometry suitable for multilayer studies. The results of either mode, 
Bragg Brentano or GXRD are usually plotted in intensity versus angular positions 
view graphs. An amorphous film exhibits very broad peaks indicating short-range 
order while crystalline samples are characterized by sharp peaks corresponding to 
the Bragg reflexes. In the case of crystalline samples information such as angular 
positions, lattice parameters, peak intensities, peak broadening (FWHM) are 
obtained by fitting the XRD spectrum using appropriate mathematical functions.  
For the GXRD measurements, an angle of incidence in the range 0.75o ≤ ω ≤ 1.5o 
was chosen and measurements performed in the range from 20o ≤ 2θ ≤ 90o. The 
actual angles of incidence (ω) and ranges are given in the results section. The 
resulting XRD peaks were fitted with a Pseudo-Voigt function, Ip(x), mainly due to 
the better estimation of the background level and the fitting of non-symmetrical 
peaks [77].  This Pseudo-Voigt function is mathematically expressed as: 
 
{ }    G(x) )-(1  C(x)I )x(I pp η+η=       (4.1) 
Where 
( ) 12x1)x(C −+=  is the Cauchy function and 
[ ]2x)2In()x(G −=  is the Gauss function 
                       ( ) αθ−θ= /22x 0  
Where α  is the full width at half-maximum (FWHM), η  is the Cauchy content and 
2θ0 is the position of the peak maximum. An example of ZrNx (111 and 200) 
orientations of a sample deposited on Si (100) substrate is shown in fig. 4.5 for 2θ 
in the range from 25o-50o at ψ = 0 and φ = 0 together with the Pseudo-Voigt fit. The 
extracted parameters from the XRD spectrum such as angular position (center of 
gravity), FWHM and peak intensities are shown in table 4.1. 
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Table 4.1: Angular positions, FWHM and peak intensities of XRD spectrum  
      (fig. 4.5) fitted with Pseudo-Voigt function. 
 
ZrNx Orientations Angular positions FWHM Intensity (cps) 
111 34.02o 0.90o 37 
200 38.77o 4.13o 7 
 
 
4.2.3 Texture measurement (Pole figure) 
 
The crystallographic texture (pole figure) measurements of some of the films were 
determined by recording the intensities of (111) and (200) diffracting lattice planes 
for various orientations of the diffraction vector with respect to the sample normal 
by changing the sample orientation over defined sample tilts (0o ≤ ψ ≤ 80o in steps 
of 5o) and rotations (0o ≤  φ  ≤  360o in steps of 5o).  
Fig. 4.5: Schematic representation of an XRD spectrum 
obtained from a reactively sputtered ZrNx film on Si (100) 
substrate, from which the angular positions, FWHM and 
peak intensities have been extracted.  
  
 57
4.2.4 X-ray reflectometry (XRR) 
 
In order to accurately measure the density, film thickness and surface roughness 
XRR measurements were performed.  Before each measurement the direct beam 
intensity Io to the detector was measured in order to ensure that the components 
were properly aligned. Good measurements yielded a Gaussian curve with typical 
full width at half maximum (FWHM) < 0.02o. The sample was then introduced into 
the beam to reduce the intensity by half (Io/2). Subsequently, omega scan (ω) and 
psi scan (ψ) measurements were performed in order to improve sample alignment. 
Additional measurement to check the sample inhomogenity was done by 
performing a rocking curve measurement. In this case the sample was rocked at an 
angle of 0.2o and the omega scan performed with the detector fixed at 2θ =0.4o. A 
single peak is expected at omega = 0.2o and any deviation from this indicates 
sample misalignments and inhomegenities. This was usually corrected by using a 
knife-edge. More details of XRR and sample alignment procedures can be found in 
the following PhD thesis [78, 79].  The resulting XRR spectrum obtained after 
sample alignment was fitted with the WINGIXA software from Philips [80]. In this 
program the estimated thickness, sample composition, nature of layer stack, film 
roughness and density are defined as input parameters. The program utilizes the 
atomic form factors in its database to determine the dependence of refractive index 
on the density of the film. The density of the film was determined by manual fitting 
of the total reflection edge (θc). Fig. 4.6 shows XRR spectrum together with 
simulation from WINGIXA software of ZrNx film deposited on Si (100) substrate.
  
 
4.3 Rutherford backscattering spectroscopy (RBS) 
 
RBS measurements were performed in order to determine the composition of the 
films. Films analyzed with RBS were grown on carbon substrates in order to 
increase the resolution capability for low cross-section elements like nitrogen. The 
measurements were performed with a Tandetron accelerator with 1.4-MeV +He4  
ions and a beam current of 14 mA. The backscattered ions were detected at an angle 
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θ = 170o with respect to the incident beam direction by a semiconductor detector 
with an energy resolution of 10 keV.  
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For the RBS spectra analysis, Rutherford backscattering universal manipulation 
program (XRUMP) freeware was employed. A typical RBS spectrum together with 
the fit that illustrate the ability of this technique in distinguishing between two 
neighbouring elements and to also measure with reasonable resolution of low Z 
composition is presented in fig. 4.7.  This spectrum is obtained from ZrOxNy film on 
graphite (C) substrate. The dependence of backscattered energy on the elemental 
mass is clearly evident from the energy positions of the elemental peaks. Where the 
masses for Hf = 178, Zr = 91, O = 16, N = 14 and C = 12.  
 
Fig. 4.6: Schematic representation of an XRR 
spectrum of a one layer film of ZrNx deposited on Si 
(100), showing critical angle point (θc) for density 
determination, positions of maxima and minima 
(points for thickness determination), and decrease in 
the overall intensity (roughness). 
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4.4 Transmission Electron Microscopy (TEM) 
 
An alternative method used in this research work to obtain important information 
about the microstructure of the films such as texture, grain-size and defects is the 
transmission electron microscope (TEM). In this work TEM was particularly used 
to investigate the grain size in some films of interest. Plane view TEM observations 
of the films sputtered on Si (100) substrate, were initially prepared by the standard 
procedure of cutting, gluing, mechanical grinding, dimple polishing and Ar-ion 
sputter thinning at low angles of 12o and energy of 5.0 kV. TEM images were then 
taken on the specimens using Phillips CM20 at an accelerating voltage of 200 kV. 
 
 
 
 
Zr1O1.1N0.7 
Film thickness: 70 nm
N O
Zr 
C Hf
Fig. 4.7: Typical RBS spectrum of ZrOxNy material system sputtered 
on graphite substrate together with the simulation (in red) 
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4.5 Residual stress measurement 
 
4.5.1 Stress measurement by XRD  sin2ψ  technique 
 
The residual stresses of the films were studied both by x-ray diffraction sin2ψ 
method, ex-situ and in-situ wafer curvature based methods. The latter techniques are 
discussed in section 4.5.2 and 4.5.3. A unique benefit of sin2ψ  technique is that 
isotropic and anisotropic distribution of micro-strain and macro-stresses in 
crystalline thin films can be investigated. This is based on the fact that the dφψ at 
different tilt angles (ψ) and hence strain, can be determined as illustrated in figure 
4.8. The corresponding spectra at different tilt angles are shown in fig. 4.9. The 
systematic shift of the peaks to the right in fig. 4.9 with increasing tilt angle 
indicates a film in a state of compressive stress. The decrease in the peak intensities 
with tilt angles is due to the reduction of the number of grains in the diffraction 
volume, whereas the increase in FWHM with tilt angle arise from the contributions 
of the grain size and the micro-strain. Experimentally, the diffraction patterns for 
(111) and (200) reflections of  ZrNx and NbNx thin films were recorded in Bragg 
Brentano mode for different tilt angles in the range from 0o ≤  ψ  ≤ 80o and at a 
fixed rotational angle φ = 0o. The dφψ spacing were then extracted from Pseudo-
Voigt fits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8: Schematic illustration of a sample (fig 4.8a) tilted at different 
angles (fig.4.8b) with respect to the axis (Y) which is perpendicular to 
the diffractometer plane, during the stress measurement. 
(a) 
(b) ψ = 40o 
ψ = 80o 
grains 
dφψ 
ψ = 0o 
Y 
Sample surface 
(see fig.4.3) 
Y 
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4.5.2 Ex-situ stress set-up 
 
The system is based on the scanning of a laser beam across the surface of the 
sample as described in the PhD thesis of Pedersen [81]. The 5 mW He-Ne laser 
emits a monochromatic beam with λ = 633 nm and a beam radius of 0.81 mm with 
a beam divergence of 1.0 mrad. The beam impinges on the first mirror and it is then 
reflected on to the galvanoscanner and then reflected on the beam splitter (see fig. 
4.10). After being reflected by the sample, the beam returns through the plano-
convex lens, to the beam splitter, cylindrical lense before finally falling on the 
position sensitive detector (PSD). It should be noted that the use of a beam splitter 
allows both the galvanoscanner and the PSD to be positioned at the focal distance of 
the plano convex lens but at different locations.  
Fig. 4.9: The characteristic peak shift to the right (indicated with an arrow) of 
(111) orientation with increasing tilt angle (ψ). The rotational angle φ, is fixed to 
0o.  These spectra are taken from sputter deposited isotropic NbN thin film. The 
shift to the right with increasing tilt angle is an indication of compressive stress in 
the film.  
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The galvanoscanner allows a scan size of up to 10 mm to be performed at the center 
of the sample. Figure 4.11a and 4.11b shows ray diagrams of a perfectly flat sample 
and a uniformly curved sample. A flat sample reflects the beam along the same path 
and hence the beam hits only one point on the detector. A uniformly curved sample 
reflects the beam in a path slightly different from the incident beam. As a result the 
beam executes a distance (x) along the PSD during scanning of a distance (s) on the 
sample.  The distances executed on the PSD and the sample are related through:  
 
R
1s) f (2 x =        (4.2) 
 
Where x is the distance the beam moves on the PSD, s is the scan distance on the 
sample, f = 1.0165 m is the focal length of the plano convex lens at the laser 
wavelength and R is the sample radius of curvature.  
 
 
  
 
 
Sample 
Detector 
Mirror 
Scanner 
Plano convex 
lense Cylindrical 
lense
Beam splitter 
He-Ne Laser 
Fig. 4.10: Schematic diagram of ex-situ stress set-up. 
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Figure 4.12 shows a typical measurement of a uniformly curved sample. By using 
equation 4.2 the gradient can be obtained and is related to the sample curvature (R). 
In this research work this set up was used to investigate ex-situ stresses of WxNy 
thin films. The glass substrates were of dimensions 24 x 24 mm2, 150 µm thick and 
of biaxial Young’s modulus of Es/1-νs = 92.05 GPa. The curvatures of the samples 
were determined before and after film deposition. The values were subsequently 
substituted in Stoney’s equation for stress calculation (see section 3.4.4).  
(a) 
s 
Plano convex lens PSD A flat 
sample 
α
(b) 
s x 
Curved 
sample 
Plano convex lens PSD 
f 
α 
Fig. 4.11: (a) Schematic ray diagram of flat sample. The diagram depicts that during the scan 
of the entire length (s) of the sample the ray hits only one point on the position sensitive 
detector (b) ray diagram of a uniformly curved sample with radius of curvature (R). The rays 
executes a distance defined by (x) on the detector during the scan. 
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With these sample dimensions, the smallest detectable radius of curvature is 10-3 m 
and a minimum stress change of 2 MPa can be realized. In-situ stress set-up is 
discussed in the next section. 
 
 
 
 
 
 
 
 
4.5.3 In-situ stress set-up 
 
In the preceding section it was shown that ex-situ stress system could only measure 
stress after deposition. Therefore, a unique benefit of in-situ stress measurement is 
that stress development and relaxation at a large thickness window can be 
monitored during growth. Stress generating mechanisms are investigated by 
correlating with other analytical techniques. The in-situ stress system used in this 
work consists of a diode laser beam of λ = 633 nm which is split in two orthogonal 
components. The two components are then parallelized by a system of three mirrors 
(see fig. 4.13 and fig. 4.14). The parallel beams separated by distance (s) are 
directed on to the sample in the sputter system by the fourth mirror. Upon falling on 
the sample the laser beams are reflected back and fall on to a screen. The degree and 
nature of deflection of the laser beams depend on the curvature of the sample during 
deposition.  
 
Fig. 4.12: The screen shot depicting the gradient 
obtained from a uniformly curved sample that is used to 
determine its curvature. 
X
 (V
) 
s (cm) 
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Fig. 4.13: A photograph 
showing parallerization of 
the laser beams that 
impinges on the sample 
during in-situ stress 
measurement. 
Window 
Target 
material 
Substrate 
dy 
s 
Laser 
source 
Screen 
Mirror 
Beam 
splitter 
Fig. 4.14: Schematic diagram of the in-situ stress measurement system.  The 
evolution of stress is determined by monitoring the change in separation distance (dy). 
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The difference of the two laser beams, dy is monitored during deposition by a CCD 
camera and the stress is calculated using equations 4.3 and 4.4.  
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v16
E
f
2
s
s
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sd
s L 2  R
y −
=        (4.4) 
 
Where Es/(1-vs), ds, df denote the biaxial Young’s modulus, substrate and film 
thickness, respectively. R is the radius of curvature, (s) is a constant and it is the 
separation distance of the two parallel beams from the laser source, L is also 
constant describing the optical path from a perfectly flat substrate to the screen and 
(dy) is the separation distance between the two laser spots projected on the screen 
during deposition. Figure 4.15 shows two laser spots and the separation distance 
(dy) during an in-situ stress measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dy 
Fig. 4.15: A snapshot of the separation distance (dy) during in-situ stress 
measurement.  
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The advantage of using two laser spots (differential beam technique) in the in-situ 
stress measurement is that any movement of the sample relative to the optics affects 
the two beam spots projected on the screen equally. Therefore this effect is 
cancelled as only the spots separation distance (dy) is required. In this work in-situ 
stresses were investigated for ZrNx, NbNx, Zr-O-N and Nb-O-N material systems. 
The substrates used for this investigation were 180 µm thick, 23 x 5.5 mm2 and 
were cut from silicon wafers oriented in (100) direction of Es/(1-vs) = 180.5 GPa.  s 
and L were determined to be 1.1 cm and 406.4 cm, respectively. Another form that 
was used to represent the in-situ stresses in the films was film force (f)-force per 
unit width as shown in equation 4.5. Film force is given by the product between 
average stress (σ) and film thickness (df) according to Stoney’s equation. 
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v16
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We have determined average error in pixels in the deflection (dy) of the laser spots 
during the sputtering of these material systems to be 0.222 pixels. Taking one pixel 
to be 90.58 µm, the error in (dy) becomes δy = 20.11 µm.  Using equation 4.4 and 
4.5 yields the error in film-force (N/m) as: 
 
δy = 0.22 N/m.  
 
If the film thickness is known the error in MPa can be obtained. More details of the 
analysis of the separation distance (dy) and hence in-situ stresses can be found in the 
PhD thesis of R. Drese [57]. It should be emphasized that the films used for 
investigating composition, structure, optical and electrical properties were deposited 
using similar sputter conditions as for in-stress measurements. 
 
4.6 Spectroscopic ellipsometry 
 
Variable angle spectroscopic ellipsometry was utilized in order to determine the 
optical constants (ε1 and ε2), Drude energy and Drude broadening of the nitride thin 
films deposited on Si (100) substrates. Drude energy was used to determine the 
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metallic nature of the films with increasing N2 concentration while Drude broading 
gave information about the defect incorporation with increasing N2 flow. The 
experiment was carried out with Woolams 200UI variable angle ellipsometer 
(VASE) shown in figure 4.16. The two ellipsometric measurable quantities psi (ψ) 
and delta (∆) data were collected in the energy range from 0.73 to 5.3 eV. Three 
angles of incidence, i.e. 65o, 70o and 75o were used in order to increase the accuracy 
of the analysis. The data obtained from the ellipsometer were analyzed using the 
WVASE32 software by appropriate modelling using a combined Drude-Lorentz 
model [63, 75, 76, 82]. In particular, one Drude model and three Lorentz oscillators 
were used as described in equation 4.6. The Drude contribution is described by the 
second term of equation (4.6) while the third term describes contributions of the 
Lorentz oscillators. Lorentz oscillators provide information about the inter-band 
transitions of the bound electrons. 
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Where ωpu is given by equation 3.11 in the preceding chapter .The parameter DΓ , is 
the Drude broadening (damping factor) and is related to the relaxation time of the 
electrons (τ) as shown in equation 4.7. The relaxation time (τ) is usually influenced 
by scattering by phonons and by imperfections in the crystal. The Drude broadening 
is also inversely proportional to the electron mean free path (ιg), which is related to 
grain size. This clearly illustrated in equation 4.9. 
 
 
     1ΓD τ≈       (4.7) 
Where         
F
g
ν
ι=τ       (4.8) 
νF    is the velocity of electrons at the Fermi surface. Combining equations 4.7 and 
4.8 yields: 
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The Lorentz oscillators are characterized by the energy positions ojω , the strength fj, 
and the damping factor jγ  as shown in equation 4.6 above. 
Lastly, the electrical resistivity of some nitride films was used to confirm whether 
the observed trends by ellipsometric measurements were reasonable. The resistivity 
measurements were carried out as described in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.16:  Photograph of the Woolams 200UI variable angle 
ellipsometer (VASE), illustrating the positions of the light 
source and polarizer in the incident compartment and 
positions of the analyzer and detector in the reflection 
compartment. The sample position is also shown. 
Light source 
and polarizer 
Incident angle 
adjustment screws
Rotating 
analyzer 
and detector 
Sample
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4.7 Electrical measurements using four point Probe 
 
The electrical resistivity measurements of thin films were performed using the four-
point probe arrangement as described by Van der Pauw [83]. The schematic of the 
four-point probe resistivity measurement is depicted in fig 4.17.  
A current I is applied through contacts 1 and 2 and the potential drop U43 across 
contacts 4 and 3 is measured. Then the same amount of current I is applied through 
contacts 1 and 4 and the potential drop U23 across contacts 2 and 3 is measured.  
 
 
The sheet resistance Rs is then determined by the expression [83]. 
 
[ ]square/
I2
UU
)Q(F
)2( In
R 2343s Ω+π=              (4.10) 
 
Where F and Q are the symmetry and correction factors respectively. 
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1
2
4
3
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I14
1
2
4
3
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Fig. 4.17: Schematic diagram of four-point probe resistivity measurement-Van 
der Pauw method 
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F is a function of Q which is valid for Q < 10 and it is expressed in the form  
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The specific resistivity (ρ ) of the film was determined from the film thickness and 
sheet resistance in the form; 
 
cm 10dR 1fs Ωµ=ρ −                 (4.11) 
 
 Where df is film thickness in nm. 
 
Having discussed the experimental procedures employed in this research work, we 
now present results and discussions in chapter 5 through chapter 8 with the aim of 
contributing to the growth and stress generating mechanisms of group IVB-VIB 
transition metal nitrides. In each chapter the results are provided first and then are 
followed by discussions and conclusions at the end. The results in chapter 5 include 
the systematic characterization of ZrNx films. Chapter 6 and 7 look at NbNx and 
WxNy respectively. In Chapter 8, the influence of oxygen concentration on the in-
situ stresses and the resulting structure of the Zr-O-N and Nb-O-N material systems 
are investigated. In chapter 9 conclusions and suggestions for further work are 
presented. 
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Chapter 5 
 
Growth and in-situ stress evolution of Zirconium nitride (ZrNx) films 
deposited by dc reactive magnetron sputtering 
 
5.1 Introduction 
 
Transition metal nitrides of group IVB-VIB such as ZrNx have received much 
attention as diffusion barriers in semiconductor industry, optical industry as well as 
in protective and hard coatings. It well known that residual stresses in these films 
would result in deleterious effects such  as device breakdown, cracking as well as 
adhesion problems. Some authors have reported that sputtered films of ZrNx films 
produced by reactive sputtering possess compressive stresses [84, 85]. Chromo and 
Rossnagel propose that the mechanisms of compressive stress generation in 
transition metal nitrides of Ti, Zr and Hf are a result of incorporation of inert gas 
which occupies vacancy sites [86]. Nevertheless, a lot of data support the concept 
that compressive stresses observed at low pressure are due to the atomic peening 
mechanism rather than entrapped inert gas species [87]. In addition the analytical 
stress model proposed by Davis [51] in line with the Windischmann model, 
proposes that compressive stresses are caused by film atoms implanted below the 
surface of the film by knock-on processes. However, there have been very few 
reports that have investigated stress development during growth (in-situ) of group 
IVB-VIB transition metal nitrides and its subsequent correlation with other 
characterization techniques. In-situ stress measurements are advantageous as stress 
development and relaxation at a large thickness window can be monitored during 
growth and thereafter stress generating mechanisms investigated by correlating with 
other analytical techniques. Therefore in this chapter we contribute to a 
comprehensive understanding of the causes of stresses in ZrNx thin films obtained at 
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the end of the deposition. The films were deposited in three different configurations 
which include:  
a) constant pressure of 1.0 Pa but with variation of N2 flow 
b) different sputter pressures and  
c) different sputter powers 
The films were then systematically characterized using x-ray reflectometry, 
Rutherford backscattering spectroscopy, x-ray diffraction, transmission electron 
microscopy, in-situ stress measurements, ex-situ ellipsometry as well as electrical 
measurements.  
5.2 Results  
5.2.1 Correlation between stress with structural, optical and electrical   
          properties of ZrNx films grown at constant pressure (1.0 Pa)  
 
5.2.1.1 Deposition characteristics, density and film roughness 
 
From the voltage characteristics, it is evident that the voltage initially increases and 
then remains almost constant upon the transition to the compound mode (region II) 
as shown in fig. 5.1a. The deposition rate initially increases up to 2.0 sccm and then 
decreases with increasing N2 flow as shown in fig. 5.1b. The observed drop in the 
sputtering rate should be correlated to the nitridation of the target with increasing 
nitrogen concentration.  
The density of the metallic films is determined to be 6.58 g/cm3 and is in good 
agreement with the literature value of 6.59 g/cm3 [88]. Upon introduction of a small 
amount of N2 flow (1-3.5 sccm) as depicted in region I in fig. 5.1c, the density 
decreases slightly and is then followed by a sudden increase upon the transition to 
compound sputtering (region II). In this region the density decreases linearly with 
increasing N2 flow. In fig. 5.1d the surface roughness of the films attains a 
maximum of (3.07 ± 0.01) nm at the transition point to compound sputtering and a 
minimum value of (1.87 ± 0.01) nm at the highest nitrogen concentration in the 
present experimental conditions.  
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The observed density variations would be influenced by structural and composition 
changes and therefore RBS and XRD measurements were performed as discussed in 
the next section. 
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5.2.1.2 Film composition 
 
The stoichiometry of the sputtered ZrNx films has been determined by RBS 
measurements. A typical RBS spectrum of the film sputtered at 14 sccm N2 flow is 
shown in fig. 5.2 together with the corresponding simulation.  
Fig. 5.1: (a) Variation of the cathode potential of the Zr 
target as a function of N2 flow for a constant cathode 
current of 600 mA and a constant pressure of 1.0 Pa (b)
Deposition rate of ZrNx films as a function of nitrogen 
flow.  (c) Density change upon variation of nitrogen flow. 
(d) Surface roughness as a function of nitrogen flow. 
 
(a)
(d) 
(b)
(c)
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It is also apparent from RBS spectrum that small contaminant species which are 
mostly oxygen are detected in ZrN films. The small amount of hafnium (Hf) 
prevalent in the film as depicted by the Hf peak in fig. 5.2 is an inherent 
composition in the Zr target. Zr and Hf are very similar and therefore are very 
difficult to separate [89]. Figure 5.3 depicts that, below 2.0 sccm N2 flow, RBS 
show no incorporation of nitrogen in the films though some small amount of oxygen 
is detected. Above 2.0 sccm, the N/Zr ratio increases and reaches a maximum of 1:1 
at 10 sccm N2 flow. This is the highest degree of nitridation as evidenced by the 
constant 1:1 ratio up to 22 sccm nitrogen flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N O 
Zr 
14 sccm N2 
ZrN 
Fig. 5.2: RBS spectra and simulation (solid line) of ZrN 
film deposited on graphite at 14 sccm N2 flow with [N/Zr] 
ratio 1:1. 
 
C 
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Hf 
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5.2.1.3 Film structure 
 
The change in ZrNx film composition with increasing N2 flow could affect the 
structural properties. Therefore in order to identify the structure of the films, XRD 
measurement in grazing incidence geometry at an angle of incidence ω = 0.75o in 
the range from 25o to 80o in 2θ were performed on 100 nm thick films deposited on 
Si (100) substrates.  The grazing incidence (GXRD) patterns are presented in fig. 
5.4 and the results show a structure evolution from hexagonal Zr, to stoichiometric 
rocksalt ZrN thin films. Figure 5.5 illustrates the sites occupied by Zr and N atoms 
in a rocksalt ZrN crystal at equilibrium. Typical representative of XRD scans in BB 
mode in the range 33o - 42o for samples sputtered at 7, 14 and 22 sccm are also 
shown in fig. 5.6. A summary of the phase identification information that includes 
the peak positions, density (g/cm3) and stoichiometric information (N/Zr ratio) is 
shown in table 5.1. 
 
 
 
Fig. 5.3: The [N]/[Zr] ratios of ZrNx films versus 
nitrogen flow obtained by RBS measurements.  
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Fig. 5.4: GXRD spectrum of ZrNx samples deposited on Si (100) 
for 0, 2, 7 and 14 sccm nitrogen flow. Metallic (Zr) peaks are 
shown in red while ZrN peaks are shown in blue. 
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Fig. 5.6: XRD patterns 
in Bragg-Brentano mode 
of ZrNx samples 
deposited on Si (100) at 
7, 14 and 22 sccm 
nitrogen flow. 
N: [He] 2s22p3 
Zr: [Kr] 4d25s2 
Fig. 5.5: ZrN (rocksalt structure): 
The larger light grey spheres 
represent Zr atoms while the small 
dark sphere represent N atoms. 
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 Table 5.1: Summary of phase identification information that includes, ZrNx peak     
                    positions, density (g/cm3) and N/Zr ratios. 
 
N2 flow 
(sccm) 
2  3.5  
 
4.5  
 
7.0  14  22  
hkl 2θ [o] 2θ [o] 2θ [o] 2θ [o] 2θ [o] 2θ [o] 
111 34.02 33.95 33.81 33.78 33.62 33.37 
200 38.97 39.38 39.22 39.10 38.97 38.97 
220 56.60 56.88 56.66 56.63 56.46 56.28 
311 68.08 67.92 67.71 67.63 67.48 67.36 
222 - 71.31 71.30 71.00 - - 
Density (ρ) 
±  0.05 (g/cm3) 
6.56 6.52 6.72 6.68 6.59 6.53 
Composition 
(N/Zr) ±  0.02 
- 0.35 0.75 0.9 1 1 
 
 
Grazing incidence and BB scans also depict fluctuations in the full width at half 
maximum (FWHM) and peak intensities with increasing N2 concentration. We have 
therefore estimated the mean grain size of ZrNx films with increasing N2 
concentration from the FWHM of the GXRD scans, by employing the Debye 
Scherrer formula, equation 3.7 in chapter 3. The average grain size of ZrNx films 
obtained by this formula is exhibited in the grain size profile in fig. 5.7. The 
microstrain was estimated to be ε = 1.6 x 10-3. Taking this value of ε and instrument 
induced broadening (Binst) the error in the grain size was approximated to be            
± 2.0 nm.   The grain size profile in fig. 5.7 is reasonable, since the average grain 
size of ZrNx films deposited at 4.5, 7.0 and 22 sccm are  ≈ 17.5 nm,  ≈ 10.6 nm and  
≈ 9.0 nm respectively as determined from plane view bright field TEM images.   
Figure 5.8 shows bright field TEM images of the ZrNx film deposited at 4.5, 7.0 and 
22 sccm N2 flow and corresponding diffraction patterns (inset). In the next section, 
the texture coefficient and cell size of ZrNx thin films extracted from the scans in 
the Bragg’s Brentano mode are discussed. 
 
  
 80
 
0 2 4 6 8 10 12 14 16 18 20 22 24
0
2
4
6
8
10
12
14
16
18
 
 
G
ra
in
 s
iz
e 
[n
m
]
Nitrogen flow [sccm]
 Grain size of ZrNx films
I II
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7: Grain size evolution of ZrNx deposited on Si (100) as a 
function of nitrogen flow. The dashed line indicates transition from 
metallic to compound mode sputtering. 
Fig. 5.8: Plane view bright field TEM image of the ZrNx film deposited on Si (100) 
substrate at:  (a)  4.5 sccm N2 flow. The image depicts a matrix of crystalline grains 
with  ≈ 5-22 nm diameter (average grain size ≈ 17.5 nm) (b)  7.0 sccm N2 flow. The 
image depicts a matrix of crystalline grains with  ≈ 5-15 nm diameter (with average 
grain size of  ≈ 10.6 nm) (c)  22 sccm N2 flow. The image depicts a matrix of 
crystalline grains with  ≈ 5-15 nm diameter (with average grain size of ≈ 9.0 nm). In set 
in the plane view images are the electron diffraction patterns.  
 
(a) (b) (c) 
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5.2.1.4 Film texture and cell size of ZrNx thin films 
 
XRD patterns in BB mode were used in the calculation of the texture coefficient 
since they represent crystal planes parallel to the substrate and hence are well suited 
to describe the growth mode. The coefficient of texture (hkl) τ  was calculated by 
normalizing XRD peak intensities to those in the literature [90] using equation 5.1 
[91] and was plotted against nitrogen concentration as shown in fig. 5.9. 
 
      
)hkl(I/)hkl( I
n
1
)hkl(I/)hkl( I
(hkl) 
0
0
∑
=τ       (5.1) 
 
Where I (hkl)  is the measured relative intensity of the reflection from the hkl plane,           
I0 (hkl) is intensity from the JCPDS and n is the number of reflections from the film. 
The results indicate that the (111) texture coefficient initially increases up to 7.0 
sccm N2 flow and then is followed by a decrease beyond this point. On contrary, the 
(200) coefficient initially decreases up to 7.0 sccm N2 flow, from which the texture 
coefficient increases with increasing N2 flow. The switch from (111) to (200) 
preferred orientation takes place above 14 sccm N2 flow as depicted by (hkl) τ  of 
the sample deposited at 22 sccm N2 flow.  
In the case of the cell size obtained from the (111) reflection in the BB scans, it is 
evident that they increase with increasing N2 flow as depicted in fig. 5.10. The 
dotted horizontal line shows the equilibrium cell size of ZrN [90]. It should be 
emphasized that the observed trend in cell size follow the same trend with nitrogen 
incorporation (N/Zr ratio) discussed previously in section 5.2.1.2. In addition the 
increase in cell size with increasing N2 flow depicts increase in residual stresses. 
This is confirmed by stress evolution of ZrNx thin films determined by wafer 
curvature based in-situ stress measurements and XRD sin2ψ method presented in 
section 5.2.1.5 and 5.2.1.6.  
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Fig. 5.9: The grain orientation of ≈ 100 nm thick ZrNx
samples deposited on Si (100) versus nitrogen flow. 
 
Fig. 5.10: Lattice parameter of ≈ 100 nm thick ZrNx
films obtained from (111) reflection versus nitrogen 
flow. The dotted horizontal line indicates the bulk 
cell size of ZrN. 
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5.2.1.5 In-situ stress evolution (variation of N2 flow) 
 
Stress evolution profiles of ZrNx films sputtered at constant pressure of 1.0 Pa are 
shown in fig. 5.11a. It is clear that samples sputtered between 0-3.5 sccm (metallic 
mode) exhibit a tensile stress component in the nucleation and coalescence stages (< 
20 nm).This is followed by compressive stresses in the homogeneous growth (> 20 
nm). The sample sputtered at 2 sccm N2 flow exhibits a tensile stress component in 
the entire thickness range. The films grown between 3.5-22 sccm (compound mode) 
exhibit compressive stresses in the entire thickness regime, and the stresses shift to 
higher values with increasing N2 concentration. In fig. 5.11b the film-force (N/m) is 
plotted against deposition time in order to get information about the relaxation of 
the films. From the film force profiles which we now describe as the [arm and 
elbow behaviour], a reasonable comparison of stress in GPa at the end of deposition 
at different nitrogen concentrations can be obtained by dividing the gradient of the 
linear part of the slope (arm) by deposition rate in nm/s. This is based on the fact 
that the film-force is the effect of; (a) subsequent addition of new material to the 
growing film and (b) the mean stress at that thickness which is related to substrate 
curvature [73, 92, 93]. The linear behaviour of the film-force is a characteristic of 
homogeneous stress evolution.  It is also noteworthy to point out that if the film-
force curves are non-linear (inhomogeneous stress evolution), instantaneous stress 
can be obtained from the gradient of the tangent at a point of interest. Information 
about relaxation of the films is obtained after the shutter is closed (elbow). It is clear 
that slight film relaxation is evident for samples deposited in the compound mode 
(region II).  
 
5.2.1.6 X-ray stress measurement (sin2ψ  technique) 
 
Further investigation of the stresses in the films obtained after the shutter was 
closed (the homogeneous regime ≈ 100 nm) was performed by XRD sin2ψ method, 
using (111) and (200) reflections. The lattice spacing d versus sin2ψ  are plotted in 
fig. 5.12. The results indicate that samples grown below 2 sccm in the metallic 
mode exhibit tensile stresses. The results further show that films deposited between 
3.5-7 sccm N2 flow exhibit anisotropic behaviour in microstrain and macrostresses 
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as exhibited by the non-linear sin2ψ  plots of the sample deposited at 7.0 sccm N2 
flow in fig. 5.12b [61]. The fits in fig. 5.12b are a guide to the eye.  Films deposited 
between 10-22 sccm N2 flow are isotropic as shown by sin2ψ  linear plots of films 
deposited at 14 sccm N2 flow (fig. 5.12c). 
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Fig. 5.11 (a): In-situ stress evolution of ZrNx films deposited on 180µm Si (100) 
substrates at several nitrogen flows.   
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Fig. 5.11 (b):  Film force (N/m) versus deposition time (s) of ZrNx thin films deposited on 
180µm Si (100) substrates at several nitrogen flows.   
  
 86
The stresses obtained from ZrN (111) orientation and corresponding stresses 
obtained in-situ for fully relaxed films are shown in table 5.2, taking E ≈ 248 GPa 
and v = 0.16 [70]. The table shows a good agreement between the two techniques 
while the slight deviations of the stresses obtained from XRD (111) reflections 
might be partially related to stress relief after deposition. Additional measurements 
which include optical and electrical properties were performed for various nitrogen 
concentrations as described in the next section. 
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Fig. 5.12: Lattice spacing d (111), d (200) planes of 
substoichiometric (2 and 7 sccm N2 flow) and 
stoichiometric ZrN (14 sccm N2 flow) determined by 
conventional XRD for different tilt angles ψ, versus 
sin2ψ.  
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                     Table 5.2: Stress obtained by XRD from ZrN (111) reflection 
               and final in-situ stress after the shutter is closed. 
 
N2 flow 
(sccm) 
XRD (111) 
(MPa) 
     In-situ stress 
     (MPa) 
14 -1760 ± 60 -2480 ± 90 
22 -2220 ± 80 -2290 ± 70 
 
 
5.2.1.7 Optical and electrical properties of ZrNx deposited at constant   
             pressure (1.0 Pa) 
 
Ex-situ ellipsometric measurements were used in this study to investigate the effect 
of N2 flow on optical constants and to obtain information about imperfections on 
ZrNx thin films. Fig. 5.13 shows the dispersive curves of real (ε1) and imaginary (ε2) 
parts of the complex dielectric function as a function of photon energy. It is 
apparent from ε1 and ε2 that upon increasing N2 flow the ZrNx films change from 
metallic to dielectric behaviour. This is confirmed by the Drude term plotted in     
fig. 5.14. It is apparent that above 7.0 sccm N2 flow the Drude term drops 
drastically and vanishes for the sample deposited with 22 sccm N2 flow. The 
damping factor is observed to decrease with increasing nitrogen concentration but 
remains almost constant at higher N2 flows. These findings are further elucidated by 
electrical resistivity measurements of ZrNx films deposited on glass substrates as 
depicted in fig. 5.15. The vertical scale in fig. 5.15 has been split for clarity. The 
resistivity versus N2 flow graph shows that upon introduction of small amount of N2 
concentration the resistivity increases slightly and then is followed by a slight 
decrease. Above 3.5 sccm N2 flow the resistivity increases with increasing N2 
concentration and attains a maximum of 1.39 x 104 µΩcm at 22 sccm N2 
concentration.  
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Fig. 5.13: Variation of real (ε1) and imaginary (ε2) parts of the 
dielectric function of ZrNx films as a function of photon 
energy (eV). 
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We have also investigated the influence of sputtering pressure on in-situ stress and 
structure of ZrN thin films as described in the next section. 
 
 
Fig. 5.14: Variation of 
Drude energy (eV) and 
Drude broadening (eV) 
of ZrNx thin films as a 
function of increasing 
nitrogen flow. 
Fig. 5.15: Resistivity of 
ZrNx thin films deposited 
on glass substrate as a 
function of increasing 
nitrogen flow. 
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5.2.2 Effect of sputtering pressure on in-situ stress and structure of ZrN 
         thin films 
 
The results presented in this section were deposited at different pressures as 
discussed in the preceding chapter (experimental procedures), section 4.1. The 
results reveal that in-situ stresses shifts to lower compressive stress values with 
increasing sputtering pressure as shown in fig. 5.16a. In fig. 5.16b slight relaxation 
is evident after the shutter is closed for films sputtered at 0.55 and 1.0 Pa.  
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Fig. 5.16: (a) In-situ stress 
evolution of ZrNx films 
deposited with several 
sputtering pressures.  
(b) Film force (N/m) 
versus deposition time (s). 
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Figure 5.17 shows the structural evolution with increasing sputtering pressure of the 
films obtained after the shutter was closed. The figure illustrates that at low pressure 
(0.55 Pa) the grains grow in preferred (200) orientation as depicted by the (200) 
peak which is rather broad.  This is followed by pronounced growth in (111) 
orientation when the sputter pressure is raised beyond 0.55 Pa.   
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We have shown that when the sputtering pressure is increased above 1.5 Pa the 
stresses transforms into tensile stresses. This is further confirmed by instantaneous 
stresses obtained in the homogeneous region (80 nm) and cell size extracted from 
Fig. 5.17: XRD spectra in BB mode of samples 
deposited on Si (100) at different sputtering pressures 
(0.55, 1.0, 2.0  and 3.0 Pa). 
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the (111) orientation, in the BB scans above as shown in fig. 5.18a and fig. 5.18b 
respectively.  
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In fig. 5.19 the density, (111) and (200) grain orientations have been plotted against 
sputter pressure. It is noted that the density remains almost constant at lower 
sputtering pressures (0.55 and 1.0 Pa) but decreases linearly beyond 1.0 Pa.  
(a) 
(b) 
Fig. 5.18: (a) Stresses of ZrNx films obtained in the homogeneous regime (80 
nm) versus increasing sputtering pressure, (b) Lattice parameter (Å) obtained 
from (111) orientation as a function of increasing sputtering pressure. 
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5.2.3 Effect of sputtering power on stress development of ZrN films 
 
The results show that in-situ stresses increases with increasing sputter power as 
shown in fig. 5.20a. Figure 5.20b shows no pronounced stress relaxation after the 
shutter closer. It is also apparent from fig. 5.21 that the (111) and (200) orientations 
shift to the left when the sputter power is raised from 160 W to 250 W indicating 
increase in compressive stresses.  
Fig.  5.19: Film density, (111) and (200) texture coefficient with 
increasing sputter pressure. 
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Fig. 5.20: (a) In-situ stress evolution of ZrNx films deposited with several 
sputtering power namely; 110 W, 160 W, 250 W and 270 W at fixed N2 
flow (14 sccm) and sputtering pressure (1.0 Pa). (b) Film force (N/m) 
versus deposition time (s) of the corresponding films. 
(a) 
(b) 
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5.2.4 Discussion 
 
5.2.4.1 Structure, film density and in-situ stress  
             (at constant pressure of 1.0 Pa) 
 
GXRD patterns (fig. 5.4) have shown a structure evolution from Zr to 
stoichiometric rocksalt ZrN. It should be noted that all rocksalt ZrN peaks are 
manifested between 2-22 sccm N2 flow. This was further supported by density and 
stoichiometric information of the films, as was shown in the summary of the phase 
identification in table 5.1. 
The density of ZrN films decreases slightly upon introduction of N2 flow up to 3.5 
sccm (region I) indicating distortions of the ZrN lattice. The drop in density in 
region II is ascribed to the decrease in crystalline order and formation of voided 
network in ZrN films. This was evidenced by the estimated grain size profiles in fig. 
5.7 and plane view TEM images in fig. 5.8.  
Films sputtered at the transition point exhibited the best crystalline order. In 
addition, due to the improved crystalline nature at the transition point the films 
exhibit a higher roughness value than at higher nitrogen flows as shown in fig. 5.1d.  
Fig. 5.21: GXRD patterns of ZrNx samples 
deposited on Si (100) at 160 W and 250 W. 
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The actual mechanism of the variation of the grain growth would be understood in 
terms of the N2/(N2+Ar) flow ratio, nature and variation of energy of the 
bombarding species during film deposition. Between 4.5-14 sccm N2 flow, most N 
atoms acquire sufficient energy to reach their equilibrium sites and hence the 
formation of near stoichiometric and stoichiometric ZrN phases. As N2 flow is 
increased above 14 sccm, the nitridation of the target is enhanced, and the sputtered 
species may consist of ZrN, Zr, N, N2+or N+ ions [94]. As consequence, the 
concentration of N atoms exceed (saturate) in the film, where some occupy 
interstitial sites inhibiting crystal growth. In addition with increased bombardment 
and subplantation of N-atoms in the film, atoms are easily inserted along the (200) 
orientation, since (200) has lower molecular packing density than (111). As a 
consequence the (200) becomes the preferred orientation above 14 sccm N2 flow. 
We propose that this mechanism switches the ZrN phase with preferred (111) 
orientation to ZrN phase with a preferred (200) orientation and is accompanied by 
reduction in the grain size. It should be pointed out that the switch from (111) to 
(200) orientation can also be explained by the increase in the ion to atom arrival 
ratio (or the ion current density) as shown by Rauschenbach et. al in the case of TiN 
grown by low energy ion assisted deposition [95]. Furthermore the increase in 
nitrogen concentration and small contaminant species in ZrNx films is also apparent 
from optical and electrical properties. The observed decrease in Drude energy (ωpu) 
as exhibited in fig. 5.14 could be explained in terms of the continuous transfer of Zr 
conduction electrons to nitrogen atoms with increasing nitrogen concentration as 
explained in metal-non-metal bonding theory [96]. The decrease in grain size above 
14 sccm should lead to increase in the Drude broadening (ΓD) which is not the case, 
leaving imperfections introduced by point defects; interstitials (N, O) and voids to 
be the main cause of defects in this region. This is further elucidated by pronounced 
increase in electrical resistivity above 14 sccm N2 flow. The incorporation of small 
amounts of extrinsic species which are mostly oxygen atoms is reasonable since Zr 
atoms may react with residual oxygen, as ZrO2 (∆Gf,300 K = 1039 KJ/mol) is 
thermodynamically more favorable than ZrN (∆Gf,300 K = -337 KJ/mol) [97]. 
The structural modification by bombardment and subplantation of N atoms [50] 
leads to films with high compressive stresses.  
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This is evidenced by increase in cell size and N/Zr ratio with increasing nitrogen 
concentration. In addition, it is apparent that the in-situ stress profiles after the film 
is fully closed (≈ 20 nm) shift to higher compressive stress values with increasing 
nitrogen concentration. It should be pointed out that the observed slight in-situ 
stress relaxation at thicknesses > 20 nm in the film sputtered at 22 sccm N2 flow is 
ascribed to diffusion of extrinsic species which were mostly observed to be oxygen 
by RBS. The actual stress of the films deposited at 14 and 22 sccm N2 flow, 
extracted from in-situ stress measurement for fully relaxed films (after the shutter 
closer), was -2480 ± 90 MPa and -2290 ± 70 MPa respectively. Comparative studies 
using sin2ψ method showed that the stresses were in good agreement. The sin2ψ 
results also established that nitrogen deficient ZrNx films (substoichiometric) are 
anisotropic in macrostrain and macrostresses while stoichiometric ZrN films are 
isotropic. These observations emphasize the role of nitrogen vacancies, voids, and 
extrinsic species (O) as the cause of strain gradients due to fluctuations in the inter-
atomic distances. The non-uniformity in the grain size as confirmed by bright field 
TEM images (fig. 5.8) could also lead to strain gradients as well and hence the non-
linear sin2ψ plots exhibited by films deposited below 7.0 sccm. We have also shown 
that under the current experimental conditions, the compressive stress of films 
grown in region II (near stoichiometric and stoichiometric ZrN) increases with 
decreasing grain size. As mentioned above, we have associated this decrease in 
grain size to the incorporation of defects in the film mostly interstitial atoms (metal, 
N or O) leading to the stress generation. 
 
5.2.4.2 In-situ stresses at a various sputtering pressure, relaxation 
 
It would be expected that with increasing sputtering pressure the particles mean free 
path reduces due to decreased bombardment by energetic particles. This results to 
fewer nucleation sites and a more agglomeration about these sites. As consequence, 
we have observed an increase in film surface roughness from 1.61 ± 0.01 nm to 
3.82 ± 0.01 nm (results not shown), reduction in film density and (111) reflection 
becomes preferred at the expense of the (200) as shown in fig. 5.19.  
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The transition from compressive to tensile stresses [48] at 1.5 Pa is predominantly 
attributed to reduced bombardment by energetic species and diffusion of extrinsic 
species which were mostly found to be oxygen by RBS. The oxygen incorporation 
and subsequent saturation in the ZrN crystal may cause the slight relaxation of the 
cell size as shown in fig. 5.18b.  
The observed slight relaxation (elbow) observed in both cases (constant pressure 
and various pressures) seems to be dislocation mediated or changes in the 
microstructure due to recrystallization activities. 
 
5.2.4.3 In-situ stresses at a various sputtering power 
 
The increase in in-situ stress with increasing sputter power is ascribed to more 
ionization of the gaseous species, and hence more generation of bombarding 
particles which leads to more stress.  
 
5.2.5 Conclusion 
 
In this study, ZrNx films have been grown on Si (100), glass and carbon substrate by 
DC reactive sputtering in an Ar + N2 atmosphere at a constant pressure of 1.0 Pa, at 
different pressures and at different powers in order to develop an understanding of 
stress generating mechanisms in ZrNx films. GXRD measurements have shown a 
clear phase transformation from Zr to substoichiometry ZrN and finally to 
stoichiometric ZrN in films sputtered at constant pressure (1.0 Pa) which has also 
been confirmed by RBS measurements. The actual mechanism of structural 
evolution in these films has been correlated with the N2/(N2+Ar) flow ratio and the 
nature and variation of energy of the bombarding species (ZrN, Zr, N, N2+or N+ ) 
during film deposition. Direct experimental evidence of bombarding species which 
are mostly N atoms is apparent from the switching from (111) preferred orientation 
to (200) preferred orientation at 22 sccm N2 flow. A clear manifestation of the 
increase in N-atoms and possibly some contaminant species is also evidenced by 
optical and electrical properties. 
The structural modifications by bombardment and subplantation by N-atoms leads 
to films with high compressive stresses.  
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This is evidenced by the increase in the N/Zr ratio which leads to films with large 
cell size. In addition, we have shown that the in-situ profiles shifts to high 
compressive stress values with increasing nitrogen concentration. Comparative 
studies of stresses of stoichiometric films with XRD sin2ψ method yielded stresses 
which were in reasonably good agreement. Furthermore, the sin2ψ method showed 
that substoichiometric films were anisotropic in macrostrain and stress while 
stoichiometric films were isotropic. These observations emphasize the role of 
nitrogen vacancies, voids, extrinsic species and non-uniformity in the grain size as 
causes of fluctuations in the inter-atomic distances leading to strain gradients in 
ZrNx thin films. In the case of increasing sputtering pressure, the stresses decrease 
characteristically due to the reduced bombardment by energetic particles. In 
addition, above 1.5 Pa sputtering pressure, the stresses transform from compressive 
to tensile. The increase in compressive stresses with increasing sputter power is 
ascribed to increased ionization of the gaseous species, and hence more generation 
of bombarding species in the sputtering environment.  
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Chapter 6 
 
Growth and in-situ stress evolution of Niobium nitride (NbNx) films 
deposited by dc reactive magnetron sputtering 
 
6.1 Introduction 
 
Niobium nitride (NbNx) like most group IVB-VIB nitrides has been studied 
extensively for use in semiconductor applications, optical as well as hard and 
protective coatings. This is due to their good thermodynamic stability, high 
hardness and good corrosion resistance. Niobium nitride is known to support large 
stresses, depending on the deposition process which often results in the adhesive 
failure of the films [98]. However there have been very few reports [98] that have 
investigated stress development during growth (in-situ) of NbNx films and its 
subsequent correlation with other characterization techniques such as x-ray 
diffraction, x-ray reflectometry, Rutherford backscattering spectroscopy, ex-situ 
ellipsometry as well as electrical measurements. The interest in NbNx is therefore 
related to our previous investigation which showed that residual stress in the ZrNx 
material system deposited at constant pressure (1.0 Pa) was strongly governed by 
four different mechanisms; (a) bombardment and subplantation of energetic species 
which was influenced mostly by nitrogen concentration during film deposition (b) 
vacancies, voids and interstitials (c) small extrinsic species during film deposition 
and (d) non-uniformity in the grain size. It was shown that nitrogen deficient films 
were anisotropic in macrostrain and macrostress. Stoichiometric or nitrogen rich 
films were isotropic. The mechanism proposed was that vacancies, voids, non-
uniformity in the grain size and small contaminant species lead to fluctuations in the 
inter-atomic distances and thus introducing strain gradients in ZrNx thin films. 
When the nitrogen concentration reached a saturation point there was a transition 
from (111) orientation to (200) orientation which was accompanied by a reduction 
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in the mean grain size. Therefore NbNx films were deposited under similar 
conditions to establish whether the same mechanisms hold as well.  
 
6.2 Results  
6.2.1 Correlation between stress with structural, optical and electrical   
          properties NbNx films grown at constant pressure (1.0 Pa)  
 
6.2.1.1 Deposition characteristics and film density  
 
From fig. 6.1a it is evident that the voltage increases linearly up to a knee point at ≈ 
10 sccm N2 flow. From the knee point the voltage increases less steeply. The 
deposition rate slightly increases upon introduction of a small amount of nitrogen (< 
3 sccm) and then is followed by an initial decrease up to a considerably higher 
nitrogen flow (14 sccm). From this point the deposition rate decreases less steeply. 
These observations point to the fact that the nitridation of Nb target is not sudden as 
compared to other group IVB (Ti, Zr and Hf) transition metal nitrides [99]. From 
fig. 6.1c the density decreases with increasing N2 concentration and follows a linear 
trend. These observations would also influence the NbNx structure formation. We 
have therefore performed XRD in both grazing incidence (GXRD) and Bragg 
Brentano (BB) mode in order to identify the structure evolution with increasing 
nitrogen concentration. 
 
6.2.1.2 Film structure 
 
In order to identify  the structure evolution of the films, grazing incidence x-ray 
diffraction (GXRD) measurements at an angle of incidence ω = 0.75o in the range 
from 30o to 90o in 2θ were performed on ≈ 100 nm thick films deposited on Si (100) 
substrates. From the GXRD scans in fig. 6.2, it is apparent that the manifestation of 
NbN peaks is observed above 3 sccm N2 flow [100]. Above 3 sccm N2 flow the 
films grow with preferred (111) orientation and switch from (111) to (200) 
preferred orientation above 22 sccm N2 flow.   
Additional XRD scans in Bragg-Brentano mode (BB) in the range from 33.4o - 44.4o 
were performed for samples sputtered at 10, 22 and 35 sccm as shown in fig. 6.3. 
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Bragg-Brentano scans represent crystal planes parallel to the substrate and hence are 
well suited to describe the growth direction. It is apparent that both GXRD and BB 
scans show the same structural evolution with increasing N2 concentration. A 
summary of the peak positions extracted from the GXRD spectra and density 
information of NbNx films sputtered at 10, 22 and 35 sccm is provided in table 6.1. 
It should be pointed out that the films sputtered at 30 and 35 sccm N2 flow exhibited 
the same structure. 
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Fig. 6.1: (a) Variation of the cathode potential of the Nb 
target as a function of N2 flow for a constant cathode 
current of 600 mA and a constant pressure of 1.0 Pa (b) 
Deposition rate of NbNx films as a function of nitrogen 
flow. (c) Density change upon variation of nitrogen flow. 
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Fig. 6.2: GXRD scans for samples deposited on silicon (100) at 
0, 2, 10, 22 and 35 sccm nitrogen flow. The Bragg peaks (in 
red) are from the metallic phase (Nb) while the peaks in blue 
arise from the NbNx phase 
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Table 6.1: Summary of the peak positions obtained  
 from GXRD Spectra and density of NbNx thin films 
 deposited at 10, 22 and 35 sccm. 
 
N2 flow 
(sccm) 
10 22 
 
35 
 
hkl 2θ [o] 2θ [o] 2θ [o] 
111 35.35 35.22 34.95 
200 40.99 40.99 41.14 
220 59.46 59.37 59.52 
311 71.14 71.20 71.50 
222 74.65 74.69 - 
Density (ρ) 
± 0.05 (g/cm3) 
7.80 7.44 7.30 
 
 
Fig.  6.3: XRD scans in Bragg-Brentano mode 
exhibiting (111) and (200) orientations of NbNx
samples deposited on silicon (100) at 10, 22 and 35 
sccm nitrogen flow. 
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The estimated mean grain size was extracted from full width at half maximum 
(FWHM) of the GXRD peaks and the calculation performed by the Debye Sherrer 
formula as explained previously. The grain size profile shows that NbNx films 
exhibit very small grains at very low nitrogen concentration. This is followed by 
increasing grain size up to a maximum value of ≈ 13.2 nm. Further increase in 
nitrogen concentration beyond the maximum value is followed by a characteristic 
decrease in the grain size as exhibited in fig. 6.4. We showed that in ZrNx material 
system that sudden decrease in the grain size at higher nitrogen flow (saturation 
point) was accompanied by the switch from (111) to (200) preferred orientation. We 
have therefore extracted the texture coefficient from the BB scans NbNx films as 
described in the next section. 
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6.2.1.3 Film Texture 
 
From fig. 6.5 the (111) texture coefficient of NbNx thin films obtained using the 
formula described previously [91] decreases with increasing N2 concentration but 
remains almost constant above 30 sccm N2 flow. The (200) texture coefficient 
Fig. 6.4: Grain size evolution of NbNx films 
deposited on Si (100) as function nitrogen flow.  
 
  
 106
increases with increasing N2 concentration but remains at an almost constant value 
above 30 sccm as well. It is apparent that the switch from (111) to (200) preferred 
orientation takes place at considerably higher N2 flow (> 22 sccm) than ZrNx thin 
films.  
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To completely investigate texture in NbNx films pole figure measurements for (111) 
and (200) orientations were performed for samples deposited at 10, 22 and 35 sccm 
N2 flow. 
Figure 6.6 indicates random orientation of the grains as illustrated by non-uniform 
distribution of intensities while fig. 6.7 illustrates the sample deposited at 22 sccm 
has (111) and (200) orientations with almost equal probability. Figure 6.8 indicates 
that the sample deposited at 35 sccm N2 concentration has random orientation of the 
grains as exhibited by the (111) orientation. The (200) orientation indicates fiber 
texture with a (200) preferred orientation. It should be pointed that the sample tilts 
and rotations for all the pole figures were (0o ≤ ψ ≤ 80o in steps of 5o) and (0o ≤  φ  ≤  
360o in steps of 5o) respectively.  
Fig. 6.5: The grain orientation of ≈ 100 nm thick NbNx
samples deposited on silicon (100) versus nitrogen flow. 
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Fig. 6.6: (a) Pole figure measurement of (111) and (b) (200) orientations of 
NbNx films deposited with 10 sccm N2 concentration on Si (100) substrates. 
The figure illustrates random orientation of the grains as indicated by non-
uniform distribution of intensities. 
(a) 
(b) 
Int. 
ψ 
φ 
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(a) 
(b) 
Fig. 6.7: (a) Pole figure measurement of (111) and (b) (200) 
orientations of NbNx films deposited with 22 sccm N2 
concentration on Si (100) substrates. The figure illustrates that 
the grains oriented in (111) and (200) have almost equal 
probability. 
  
 109
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.8: (a) Pole figure measurement of (111) and (b) (200) 
orientations of NbNx films deposited with 35 sccm N2
concentration on Si (100) substrates. The pole figure indicates 
random orientation of the grains as exhibited by the (111) 
orientation. The (200) orientation indicates a fiber texture with 
a (200) preferred orientation. 
(a) 
(b) 
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We have observed that in ZrNx material system discussed in the preceding chapter 
that for films sputtered under similar conditions as employed here that the films 
with high (200) texture are characterized by high compressive stresses. Therefore in 
an attempt to establish whether the same mechanisms hold for the NbNx material 
system, additional measurements which include in-situ stress measurements, XRD 
sin2ψ method, optical and electrical measurements were performed for various 
nitrogen concentrations whose results are reported in sections 6.2.1.4 through 
6.2.1.6. 
 
6.2.1.4 In-situ stress evolution (variation of N2 flow) 
 
From fig. 6.9a it is evident that the films sputtered at 0 and 2 sccm N2 flow posses’ 
a tensile stress of  ≈ 1.0 GPa at the initial stages of film growth (< 20 nm). The 
NbNx films grown between 10-35 sccm N2 flow exhibit compressive stresses with a 
peak value at ≈ 20 nm. The peak value shifts to higher compressive stresses with 
increasing N2 concentration, though at this thickness the stress of the samples 
deposited at 22 and 35 sccm remains almost constant. For thicknesses > 20 nm a 
slight relaxation of the compressive stresses is evident in all these films. In fig. 6.9b 
film-force (N/m) was plotted against deposition time in order to get information 
about the relaxation of the films. From the arm and elbow profiles, a reasonable 
comparison of stress in GPa at different nitrogen concentrations can be obtained 
from the gradient of the linear part of the slope (arm). The stress in GPa is evaluated 
by dividing the gradient of the slope with the deposition rate in nm/s. It is 
noteworthy to point out that if the curves are non-linear, instantaneous stress can be 
obtained from the gradient of the tangent at the point of interest. Information about 
relaxation of the films is obtained after the shutter is closed (elbow). It is clear that 
slight film relaxation is evident for films deposited at 10, 22 and 35 sccm N2 flow 
after the shutter is closed and is more pronounced for the film sputtered at 35 sccm 
N2 flow.  A summary of the stresses and lattice parameters obtained after the shutter 
is closed, for different N2 concentrations are shown in table 6.2. Further 
investigation of the stresses in the films obtained after closing the shutter 
(homogeneous regime ≈ 100 nm), was done by performing XRD measurements 
using sin2ψ method on (111) and (200) reflections. 
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Table 6.2: In-situ stresses and cell size extracted from NbNx films 
                                        after the shutter is closed 
N2 flow (sccm) Stress (MPa) Cell size (111) (Å) 
0   130 ± 170 - 
2 -100  ± 180 - 
10 -1550 ± 140 4.407 ± 0.009 
22 -2250 ± 120 4.429 ± 0.009 
35 -1760 ± 120 4.470 ± 0.009 
 
 
Fig. 6.9: (a) Stress evolution of NbNx films deposited 
with different nitrogen flows. (b) Film force (N/m) 
development as a function of deposition time. 
 
(b)
(a)
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6.2.1.5  X-ray stress measurement (sin2ψ  technique) 
 
The lattice spacing d versus sin2ψ  are plotted in fig. 6.10. The results reveal that 
films grown between 2-10 sccm exhibit anisotropy in the macrostrain and 
macrostress as shown by non-linear nature of the sin2ψ  plots of the sample 
deposited at 10 sccm N2 flow in fig. 6.10a [61].  Isotropic films in macrostrain and 
macro-stress are observed above 10 sccm N2 flow as exhibited by the films grown at 
22 sccm N2 flow. For the film deposited at 35 sccm, it is apparent that, there is a 
split in the (200) data points which is explained in the discussion section. The 
stresses extracted from NbN (111) orientation for the 22 sccm sample was found to 
be -3230 ± 70 MPa, taking E ≈ 348 GPa and v = 0.18 [70], is higher by ≈ 1000 MPa 
than the stress obtained using the wafer curvature method.  
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Fig. 6.10: Lattice spacing d 
(111), d (200) planes of 
substoichiometric (10 sccm N2
flow) and stoichiometric NbN 
films (22 and 35 sccm N2 flow) 
determined by conventional 
XRD for different tilt angles ψ,
versus sin2ψ.  
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6.2.1.6 Optical and electrical properties of  NbNx deposited at constant   
             pressure (1.0 Pa) 
 
Figure 6.11 shows the dispersive curves of the real (ε1) and imaginary (ε2) part of 
the complex dielectric function as a function of photon energy (eV) for different 
nitrogen concentrations. It is apparent from ε1 that films sputtered at 0 and 2 sccm, 
exhibit metallic behaviour as depicted by their asymptotic behaviour at energies 
greater than 2.5 eV.  A further increase in N2 concentration causes the static 
dielectric function to increase as shown in fig. 6.11a, while fig. 6.11b shows a 
complementary behaviour.  
Films sputtered at 10 and 14 sccm N2 flow show no pronounced difference in the 
dispersive curves at energies greater than 2.5 eV. The same case applies for films 
sputtered at 22 and 35 sccm N2 flow. The metallic nature of NbNx films is 
elucidated by the Drude term plotted in fig. 6.12a. The results illustrate that above 
10 sccm N2 flow the Drude term decreases characteristically with increasing N2 
concentration but shows no drastic changes above 22 sccm N2 flow. The damping 
factor, which is influenced by scattering by phonons, imperfections in the crystal 
and electron mean free path increases slightly up to 14 sccm N2 flow but decreases 
upon introduction of nitrogen above this value (fig. 6.12b).  
Resistivity measurements using four point probe set-up were performed to further 
investigate the metallic nature of NbNx films with increasing nitrogen 
concentration. Resistivity measurements are plotted in fig. 6.13. The results reveal 
that between 2-10 sccm N2 flow the resitivities of NbNx films range between   
157.8-171.4 µΩcm. An increase in N2 concentration above 10 sccm leads to a 
pronounced change in resistivity up to a maximum value of 525.2 µΩcm at 35 sccm 
N2 concentration. The resistivity measurements clearly show a loss in metallic 
character of NbNx films with increasing N2 concentration which is in good 
agreement with the optical measurements. 
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Fig. 6.11: (a) Real (ε1) part of the dielectric function of NbNx films as 
a function of photon energy (eV) for different nitrogen flows and (b) 
Imaginary (ε2) part of the dielectric function of NbNx films as a 
function of photon energy (eV) for different nitrogen flows. 
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Fig. 6.12: (a) Variation of Drude energy (eV) (b) 
Drude broadening (eV) of NbNx films as a function of 
increasing nitrogen flow. 
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Fig. 6.13: Resistivity of NbNx films deposited on Si 
(100) substrate as a function of increasing nitrogen 
flow. 
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6.2.2 Discussion 
 
6.2.2.1 Deposition characteristics, structure and stress  
 
The point where the deposition rate starts to decrease less steeply and the knee point 
of the voltage takes place at a higher N2 flow (≈ 14 sccm) which shows that the 
nitridation of Nb target takes place at higher nitrogen flow  compared to that of Zr 
target (4.5 sccm). This is related to the heat of formation (∆H) or the reactivity of 
the two targets with nitrogen. The ∆H of ZrN is -3.802 eV which is higher 
compared to that of NbN (-2.436 eV) [101]. This is further confirmed by GXRD 
and BB patterns (fig. 6.2 and fig. 6.3) which show the formation of NbNx phases at 
nitrogen flows greater than 3 sccm as manifested by the appearance of NbN peaks. 
ZrNx phases were formed upon introduction of very small amounts of nitrogen (2 
sccm).  
The actual mechanism of the structural evolution would be understood in terms of 
the N2/(N2+Ar) flow ratio and energy of the bombarding species during the film 
deposition. Between 3.5-22 sccm N2 flow, most N atoms acquire sufficient energy 
to reach their equilibrium sites and hence the formation of near stoichiometric and 
stoichiometric NbN phases. As N2 flow is increased above 22 sccm, the nitridation 
of the target is enhanced. As consequence, the concentration of N atoms exceed 
(saturate) in the film, where some occupy interstitial sites inhibiting crystal growth. 
In addition, with increased bombardment and subplantation of N-atoms in the film 
grown above 22 sccm N2 flow, atoms are easily inserted along the (200) orientation, 
since (200) has a lower packing density than (111). As a consequence there is a 
switch from (111) preferred orientation to (200) preferred orientation. The transition 
is accompanied by a decrease in the grain size. The development in (200) preferred 
orientation is clearly illustrated by pole figure measurements for films sputtered at 
10, 22 and 35 sccm N2 flow (figure 6.6 through 6.8). The increase in N atoms with 
increasing N2 concentration is further emphasized by modifications of optical and 
electrical properties of NbNx thin films. The observed decrease in Drude energy 
(ωpu) as exhibited in fig. 6.9 could be explained in terms of the continuous transfer 
of Nb conduction electrons to nitrogen atoms with increasing nitrogen concentration 
as explained in metal-non-metal bonding theory [96].  
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The decrease in the Drude broadening (ΓD) is attributed to imperfections introduced 
by point defects; interstitials and voids. This is further elucidated by the pronounced 
increase in electrical resistivity above 14 sccm N2 flow.  
The structural modification by bombardment and subplantation of N atoms [50] 
leads to films with high compressive stresses. This is evidenced by an increase in 
cell size as shown in table 6.2. In addition, it is apparent that the in-situ stress 
profiles after the film is fully closed (≈ 20 nm), shift to higher compressive stress 
values with increasing nitrogen concentration, though the stress at this thickness 
remains almost constant for samples deposited at 22 and 35 sccm N2 flow. It should 
be pointed out that the observed slight in-situ stress relaxation at thicknesses > 20 
nm in the films sputtered at 10, 22 and 35 sccm N2 flow is ascribed to diffusion of 
small extrinsic species which are mostly oxygen. Comparative studies using sin2ψ 
method showed that nitrogen deficient NbNx films (substoichiometric) are 
anisotropic in strain and stress while stoichiometric NbN films are isotropic. The 
split in data points of (200) orientation of the sample sputtered at 35 sccm N2 flow 
is possibly due to incorporation of interstitials. These observations emphasize the 
role of nitrogen vacancies, voids, interstitials, extrinsic species and random 
orientation of grains as causes of strain gradients (due to fluctuations in the inter-
atomic distances) in NbNx thin films. This is now confirmed to be a general 
phenomenon in ZrNx and NbNx material systems.  
 
6.2.3 Conclusion 
 
In this research work, NbNx films have been grown on Si (100) and glass  substrates 
by DC reactive sputtering in an Ar + N2 atmosphere at a constant pressure of 1.0 Pa 
in order to develop an understanding of stress generating mechanisms in NbNx 
films. GXRD measurements have shown a clear phase transformation from Nb to 
NbN. The actual mechanism of structural evolution in these films has been 
correlated with the N2/(N2+Ar) flow ratio and energy of the bombarding species 
(NbN, Nb, N, N2+or N+) during deposition. Direct experimental evidence of 
bombarding species which are mostly N atoms is apparent from the switching from 
(111) preferred orientation to (200) preferred orientation at N2 flows above 22 sccm, 
which was confirmed by pole figure measurements.  
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The latter has a lower packing density and atoms would be accommodated easily 
than for the former. It was shown that this switching occurs at a higher nitrogen 
concentration for the Nb target than for the Zr target and was associated with the 
lower reactivity of Nb compared to that of Zr. A clear manifestation of the increase 
in N-atoms and possibly some contaminant species is also evidenced by optical and 
electrical properties. The structural modifications by bombardment and 
subplantation by N-atoms leads to films with high compressive stresses. This is 
evidenced by the increase in the NbNx cell size. In addition we have shown that the 
in-situ profiles shift to high compressive stress values with increasing nitrogen 
concentration. Comparative studies of stresses using the XRD sin2ψ method showed 
that substoichiometric films were anisotropic in strain and stress while 
stoichiometric films were isotropic. These observations emphasized to a certain 
extent the role of nitrogen vacancies, voids, interstitials, extrinsic species and 
random orientation of grains as causes of strain gradients (due to fluctuations in the 
inter-atomic distances) in NbNx thin films. These observations are therefore 
confirmed to be a general phenomenon for ZrNx and NbNx material systems.  
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Chapter 7 
 
Structural and stress evolution of tungsten nitride (WxNy) films 
deposited by dc reactive magnetron sputtering 
 
7.1 Introduction 
 
Transition metal nitrides have attracted considerable interest in the past due to their 
wide-ranging applications as optical coatings and in the semiconductor industry [10, 
102, 103]. They exhibit properties such high hardness, chemical inertness, possess 
good electrical and thermal conductivity. Due these interesting properties, WxNy 
among others have been proposed as a diffusion barrier material in silicon based 
semiconductor devices in order to separate interconnecting metal from silicon [23, 
104, 105]. 
Therefore, tungsten nitride has been prepared by different processes such chemical 
vapour deposition (CVD) [106, 107, 108], RF-sputtering [109, 110], reactive pulsed 
laser deposition (PLD) [111] and dc- magnetron sputtering to obtain optimum film 
properties [112, 113, 114, 115]. In this study we contribute to the understanding of 
structural and stress evolution of WxNy films deposited by dc reactive magnetron 
sputtering at constant pressure and at various pressures. To achieve this systematic 
deposition of WxNy films and subsequent characterization with x-ray diffraction, x-
ray reflectometry, Rutherford backscattering spectroscopy, ex-situ stress 
measurement and ex-situ ellipsometry has been performed. 
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7.2 Results 
 
7.2.1 Correlation between structural, stress and optical properties of WxNy     
         films grown at constant pressure (0.7 Pa)  
 
7.2.1.1 Deposition characteristics, density  
 
From fig. 7.1a it is evident that the tungsten target does not show pronounced 
hysteresis. It is also evident that the voltage increases steeply up to a knee point at ≈ 
8 sccm N2 flow. From the knee point the voltage increases less steeply. The 
deposition rate as exhibited in fig. 7.1b, maintains an average value of  ≈ 0.56 nm/s 
up to 24 sccm N2 flow and then is followed by a decrease that follows a linear 
behaviour. These observations clearly show that pronounced nitridation of the 
tungsten (W) target is not sudden and should be related to W reactivity with 
nitrogen. From fig. 7.1c the density decreases with increasing N2 concentration and 
follows an almost linear trend.  
The observed density variations would be influenced by composition changes. We 
have therefore performed RBS measurements of WxNy thin films for different N2 
concentrations as explained below. 
 
7.2.1.2 Film composition 
 
Figure 7.2 shows a typical RBS spectrum of the film sputtered at 50 sccm N2 flow 
(WN2) together with the corresponding simulation. The graph depicts a 
homogeneous film and possibly some roughness effects, since the left edge is not 
perfectly reproduced. Figure 7.3 shows a change in N/W ratio with increasing N2 
flow. The results reveal a systematic incorporation of N-atoms in WxNy matrix up to 
a saturation point with N/W ratio of 2:1. The observed composition changes with 
increasing nitrogen flow leads to films with different structural properties and 
stresses as discussed in the next section. 
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Fig. 7.1: (a) Variation of the cathode potential of the tungsten 
target as a function of N2 flow for a constant cathode current of 
300 mA and a constant pressure of 0.7 Pa.  (b) Deposition rate 
of WxNy as a function of  N2  flow in sccm and (c) Density 
versus N2 flow of WxNy films sputtered under similar 
conditions. 
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7.2.1.3 Film structure 
 
In order to identify the structure evolution of the WxNy films, approximately 150 nm 
thick films were deposited on glass substrates in the nitrogen flow range from 0-50 
sccm in steps of 5 sccm. XRD scans in Bragg-Brentano mode (BB) were then 
performed in the range from 20o to 80o in 2θ. Representative XRD scans are shown 
in fig. 7.4. From the XRD scans it was shown that below 10-sccm N2 flow WxNy 
grows with one broad peak. The films in this regime exhibited a stoichiometry with 
x = 1 and y < 1. The results further indicate that between 10-25 sccm N2 flow the 
film crystallinity improves markedly and the formation of stoichiometric WN with 
preferred (100) orientation is evident [116]. Between 25 - 40 sccm N2 flow, further 
incorporation of nitrogen is enhanced and a switch from preferred (100) orientation 
to (110) orientation is apparent. Films in this regime exhibit stoichiometries x = 1 
and 1 < y < 2. Between 40 and 50 sccm nitrogen flow, WN2 phase is formed and 
grows with preferred (101) orientation [117].  
It should be pointed out that films grown on glass substrates does not manifest a 
cubic W2N phase which is the most thermodynamically stable  since the heat of 
formation (∆H) of W2N phase is -5.3 kcal/mol, is higher compared to that of WN 
phase (-3.6 kcal/mol) [106]. Furthermore, the W2N phase should have a 
stoichiometry  with x = 1 and y = 0.5. Therefore, another set of films were sputtered 
on Si (100) substrates and grazing incidence angle measurements (GXRD) at 1.5o 
performed as shown in fig. 7.5. A clear manifestation of W2N (111) and (200) peaks 
were observed between 8-12 sccm N2 flow [118].  
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Fig. 7.4: θ/2θ XRD spectra of samples deposited on glass at 5, 
15, 30 and 50 sccm nitrogen flow. The Bragg peaks for W, WN 
and WN2 phases are shown with different colours. The 
stoichiometry information is also provided. 
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7.2.1.4 Deposition stress  
 
The evolution of stress of WxNy films was investigated using ex-situ wafer 
curvature measurements.  Fig. 7.6 shows that WxNy films posses’ compressive 
stresses which increases with increasing N2 flow and attains a maximum of 3.7 GPa 
at ≈ 25 sccm N2 flow. This behaviour is correlated with bombardment and 
subsequent subplantation of energetic nitrogen atoms. As N2 flow is increased 
above 25 sccm, the nitridation of the target is enhanced, and the sputtered species 
Fig. 7.5: GXRD spectra of samples deposited on Si (100)
substrates at 5, 9, 15 and 50 sccm nitrogen flow. The Bragg peaks 
for W, W2N, WN and WN2 phases are shown with different 
colours. The stoichiometry information is also provided. 
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may consist of WN, N, N2+or N+ ions. As a consequence, the concentration of N 
atoms exceed (saturate) in the film, where some might occupy interstitial sites 
inhibiting crystal growth. The subsequent saturation of N atoms in the film would 
cause the observed switch from (100) to (110) preferred orientation observed at 30 
sccm N2 flow as discussed previously. In addition, the saturation of N-atoms in the 
film is accompanied by the formation of a different phase (WN2). The formation of 
WN2 phase and small contaminant species may explain the observed stress 
relaxation beyond 30 sccm N2 flow. The characteristic increase in N-atoms, which 
are predominantly responsible for stress generation, is evidenced by the 
modifications of WxNy optical properties with increasing N2 flow as discussed in the 
next section. 
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7.2.1.5 Influence of nitrogen concentration on optical properties of WxNy 
 
Figure 7.7 shows the dispersive curves of real (ε1) and imaginary (ε2) parts of the 
complex dielectric function as a function of photon energy (eV) for different 
nitrogen concentrations. It is evident from ε1 dispersive curve that the                
Fig. 7.6: Stress evolution of WxNy upon increasing 
nitrogen flow (sccm) for a constant cathode current 
of 300 mA and a constant pressure of 0.7 Pa. 
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static dielectric function increases with increasing N2 concentration as shown in fig. 
7.7, while ε2 shows a complementary behaviour. In addition, both ε1 and ε2 plots 
show vividly three distinct regions; pure metallic film (0 sccm), WxNy with x = 1 
and 0.6 < y ≤ 1 (9-25 sccm), and WxNy films with x = 1 and 1< y ≤ 2 (25-50 sccm). 
This observation is also apparent in the Drude term plotted in fig. 7.8. Furthermore, 
the Drude term shows that upon increasing N2 flow, WxNy films changes from 
metallic to less metallic behaviour. It is should also be pointed out that these three 
regions were clearly identified by XRD. 
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Fig. 7.7: Variation of real (ε1) and imaginary (ε2) parts of the 
dielectric function of WxNy films as a function of photon energy.
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7.2.2 Structure evolution of WxNy films upon variation of sputter pressure         
         (0.3-5.0 Pa) 
 
The role of sputtering pressure on the structure formation of WxNy films was 
investigated by fixing the N2 flow at 15 sccm in order to obtain N/W with 1:1 
composition. The argon flow was then varied in order to attain a sputtering pressure 
in the range from 0.3-5.0 Pa. The results in this experiment are divided into two 
parts namely; the films sputtered above 0.7 Pa and the films sputtered below this 
point.  
 
 
 
 
Fig. 7.8: Variation of Drude energy (eV) of WxNy  films as a 
function of increasing N2 flow.
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7.2.2.1 Structure formation above 0.7 Pa 
 
With increasing argon flow the WN (100) peak continuously shifts to the right 
indicating stress relaxation as shown in fig. 7.9. Beyond 1.0 Pa the formation of 
W2N phase is apparent. Likewise, the W2N (111) peaks continuously shift to the 
right towards the equilibrium value (4.126 Å) with increasing argon pressure. The 
stoichiometry of the film sputtered at 2.0 Pa was found to be N/W = 0.9:1. These 
observations are predominantly associated to the reduced bombardment by 
energetic particles with increasing pressure and diffusion of small contaminant 
species which are mostly oxygen.  
 
7.2.2.2 Structure formation below 0.7 Pa 
 
Among the noteworthy findings is the similarity between the structure formation of 
WxNy films deposited between 15-50 sccm N2 flow at a constant sputtering pressure 
of 0.7 Pa, discussed in section 7.2.1.3 previously and WxNy films deposited at 
pressures below 0.7 Pa. With reduction in argon pressure, WxNy films with 
stoichiometry x = 1 and 1 < y ≤ 2 are formed. Direct experimental verification is 
evident from the stoichiometry of the film sputtered at 0.4 Pa which was found to be 
N/W = 1.6:1 and the structure evolution (fig. 7.9). These results elucidate the role of 
bombarding species mostly nitrogen atoms influenced by N2/(N2+Ar) flow ratio 
during film deposition, in the structure formation and stress generation of WxNy 
films.  
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7.2.2.3 Density upon variation of sputter pressure (0.3 - 5.0 Pa) 
 
Figure 7.10 shows density evolution with sputter pressure. The results reveal that 
when the sputter pressure is raised above 0.7 Pa the density increases up to a 
maximum value of 14.6 ± 0.05 g/cm3 at 1.5 Pa, which marks our transition pressure 
(indicated by the arrow) beyond which the density decreases linearly. It should be 
emphasized that this linear decrease in density beyond the transition pressure was 
also observed for ZrNx material system and was associated with reduced energy of 
the bombarding species as explained in section 7.2.2.1 above. As consequence, we 
have observed an increase in film surface roughness from 1.75 nm to 3.53 nm 
between sputter pressures of 1.5-5.0 Pa (results not shown).  
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Fig. 7.9: XRD spectra of samples deposited 
on glass substrates at different sputtering 
pressures (0.3, 0.4, 0.8, 1.5, 2.0 and 5 Pa).  
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The density of WxNy films below 0.7 Pa follows the same trend as the density of the 
films sputtered between 15-50 sccm in fig. 7.1c. This is based on the similarity of 
the observed structural and stoichiometric properties.  
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7.2.3 Discussions 
 
7.2.3.1 Structure, composition and stress (at constant pressure of 0.7 Pa) 
 
From the stoichiometry and x-ray diffraction experiments (fig. 7.3 through 7.5) 
three WxNy phases namely W2N, WN and WN2 phases have been observed in 0-50 
sccm window. The XRD and GXRD scans further reveal that tungsten rich films 
exist below 9 sccm and exhibit one broad peak structure.  
Fig. 7.10: Density of WxNy films versus increasing sputter pressure 
in the range from 0.3-5.0 Pa, sputtered at constant current of 300 
mA.  The available RBS data (N/W ratio) for samples deposited at 
0.4, 0.7 and 2.0 Pa are 1.6:1, 1:1 and 0.9:1, respectively. 
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This is reasonable since the nitrogen incorporation in the metal lattice would induce 
defects causing the observed peak broadening. W2N phase is observed at 9 sccm 
flow and seems to coexist with WN phase between 9-25 sccm N2 flow.  
The coexistence of the two phases between 9-25 sccm N2 flow could be explained 
in terms of the closeness of WN and W2N heat of formations. The heat of formation 
of W2N is -5.3 kcal/mol (-0.23 eV) and that of WN is -3.6 kcal/mol (-0.156 eV) and 
these are the most stable phases in W-N system [106]. Increase in N2 flow above 25 
sccm, enhances the target nitridation as depicted by drop in the deposition rate past 
this point (fig. 7.1b)  and the sputtered species may consist of WN, N, N2+or N+ 
ions. This leads to increased concentration of N atoms in the film and hence the 
formation of WxNy phases with x = 1, and   1 < y ≤ 2. This would also explain the 
observed switch from WN (100) to WN (110) orientation at 30 sccm N2 flow. 
The film composition is to a larger extent governed by the amount of N2 
concentration during deposition as well. This is exhibited by the systematic 
incorporation of N atoms in WxNy matrix up to a saturation point with N/W ratio 
2:1 (fig. 7.3). These observations are further emphasized by modifications of optical 
properties with increasing nitrogen concentration. The observed decrease in Drude 
energy (ωpu) as exhibited in fig. 7.8 could be explained in terms of the continuous 
transfer of W conduction electrons to nitrogen atoms with increasing nitrogen 
concentration as explained in metal-non-metal bonding theory [96]. Complete 
saturation of N-atoms and possibly some contaminant species (O) leads to an almost 
vanishing Drude term above 25 sccm N2 flow. 
The structural modification by bombardment and subplantation of N atoms leads to 
films with high compressive stresses. This is evidenced by stress evolution as 
depicted in fig. 7.6. The initial stress increase between 0-25 sccm would be 
attributed to bombardment and subplantation mechanism [50] of the energetic 
species mostly Ar, W and N on the growing film. We propose that above 25 sccm 
N2 flow the bombarding species are mostly N atoms and the associated ions, which 
leads to the formation of WxNy phases with x = 1, and   1 < y ≤ 2.   
The formation of these phases above 25 sccm would explain the observed stress 
relaxation. The influence of small contaminant species which are mostly oxygen on 
the stress relaxation cannot be ruled out. 
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7.2.3.2 Structure evolution upon variation of sputter pressure 
 
The role of bombarding species and contaminant specie is further elucidated by the 
density evolution above the transition pressure (1.5 Pa) which follows a linear trend 
as depicted in fig. 7.10. This is reasonable since with increasing sputter pressure the 
particle mean free path reduces which lead to less bombardment by energetic 
particles and thus less nucleation sites and more clustering in these sites. In such a 
case the diffusion of extrinsic species mostly oxygen (O) would be enhanced which 
would also contribute to the decrease in density. In addition, we have observed a 
characteristic increase in surface roughness and the films grow with a preferred 
(111) orientation above the transition pressure. This observation is solely attributed 
to the reduction in energy of the bombarding species and diffusion of contaminant 
species. 
Among the noteworthy findings is the similarity between the structure formation of 
WxNy films at a constant sputtering pressure (0.7 Pa) and at sputtering pressures 
below 0.7 Pa. Direct experimental verification is evident from structure and density 
view graphs (fig. 7.1c, fig. 7.9 and fig. 7.10). These findings elucidate the role of 
N2/(N2+Ar) flow ratio and bombarding species in the structure and stress evolution 
of WxNy films. 
 
7.2.4 Conclusion 
 
WxNy films were deposited on glass, silicon and carbon substrates by DC reactive 
sputtering in an Ar + N2 atmosphere. Three WxNy phases namely cubic W2N, 
hexagonal WN and WN2 phases have been observed in 0-50 sccm window.  In 
addition, XRD and RBS data showed that the films consist of tungsten rich films 
below 9 sccm N2 flow, mixed WN+W2N phase between 9-25 sccm, and phases with 
x = 1 and   1 < y ≤ 2  above 25 sccm N2 flow. The film structure and composition 
was found to a larger extent governed by the amount of N2 concentration during 
film deposition. This was illustrated by the systematic incorporation of N atoms in 
WxNy matrix up to a saturation point with N/W ratio 2:1. 
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A clear manifestation of the increase in N-atoms and possibly some contaminant 
species was also evidenced by the characteristic decrease in the Drude term 
extracted from optical measurements. The structural modification by bombardment 
and subplantation of N atoms lead to films with high compressive stresses. The 
initial stress increase between 0-25 sccm, which reaches a maximum of ≈ 3.7 GPa 
at 25 sccm was attributed to bombardment and subplantation mechanism of 
energetic species mostly Ar, W and N atoms on the growing film. We have 
proposed that above 25 sccm N2 flow the bombarding species are mostly N atoms 
and the associated ions, whose saturation cause the switch from WN (100) to WN 
(110) preferred orientation. The formation of WxNy phases with x = 1, and   1 < y ≤ 
2 above 25 sccm, and small contaminant species (O) would explain the observed 
stress relaxation.  
In the case of increasing sputtering pressure, the W2N (111) shift to the right 
characteristically indicating stress relaxation, and was ascribed to the reduced 
bombardment by energetic particles. In addition, we have identified a transition 
pressure of 1.5 Pa, above which the density decreases linearly. Among the 
noteworthy findings is the similarity between the structure formation of WxNy films 
deposited between 15-50 sccm at a constant sputtering pressure (0.7 Pa), and at 
sputter pressures below 0.7 Pa.  This observation was predominantly attributed to 
the N2/(N2+Ar) flow ratio in the sputter atmosphere. 
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Chapter 8 
 
Influence of Oxygen concentration on in-situ stress and the final 
structure of Zr-O-N and Nb-O-N material systems. 
 
8.1 Introduction 
 
Transition metal nitrides have attracted considerable interest in the past due to their 
wide-ranging applications as optical coatings and in the semiconductor industry [10, 
119, 120]. Recently, oxynitrides have gained interest in optical and electronic 
industries as well. This is due to the fact that incorporation of oxygen in the nitride 
phase, enables the control of grain orientation [121], bandgap [122, 123], thermal 
stability, electrical properties, mechanical properties [124, 125] and color [126]. 
This has made Zr-O-N and Hf-O-N be proposed as good candidates for gate 
dielectrics in MOSFETS devices [127, 128]. An inherent property of DC sputtered 
films is the induced residual stresses which can affect the performance of these 
materials. With increasing miniaturization of electronic devices it is important to 
develop an understanding of in-situ stress evolution of these films in a large 
thickness window.  In addition, our previous investigation focused on growth and 
in-situ stress evolution of ZrN and NbN thin films. We therefore extend this 
research by investigating the role of oxygen in the in-situ stress evolution and the 
resulting structure in these material systems. 
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8.2 Results  
8.2.1 In-situ stress evolution and resulting structure of ZrOxNy thin films   
  
8.2.1.1 In-situ stress evolution of ZrOxNy films        
 
Figure 8.1 reveals how the oxygen concentration influences the stress development 
in ZrOxNy. The results reveal that as the oxygen concentration is increased from 1.0, 
1.5 and 2.0 sccm the stress in the very early stages of film growth (≈ 10 nm) 
increases markedly. A clear stress relaxation is apparent above film thicknesses > 
15 nm for all films sputtered with oxygen concentrations. In fig. 8.1b film-force 
(N/m) was plotted against deposition time in order to get information about the 
relaxation of the films. From the film force profiles, which we describe as the [arm 
and elbow behaviour] the mean stress in GPa at the end of deposition can be 
obtained by dividing the gradient of the linear part of the slope (arm) by the 
deposition rate in nm/s. It is also noteworthy to point out that if the film force plots 
are non-linear (in-homogeneous stress evolution), instantaneous stress can be 
obtained from the gradient of the tangent at a point of interest. In-homogeneity in 
the stress evolution is evident in the film force plots deposited with several oxygen 
concentrations. It also apparent that for all the films deposited with several oxygen 
concentrations, there exists a slight stress relaxation after the shutter is closed 
(elbow). The composition of the films deposited with oxygen concentrations 
(ZrOxNy) and without (ZrN) was correlated to the observed in-situ stress profiles as 
discussed in the next section.  
 
8.2.1.2 Film Composition 
 
The composition of the films deposited with and without oxygen concentrations was 
determined by RBS measurements. A typical RBS spectrum together with the 
simulation, for the film deposited with 1.0 sccm oxygen concentration is shown in 
fig. 8.2. As mentioned previously the small amount of hafnium (Hf) prevalent in the 
film is because Hf is an inherent composition in the Zr target as the two elements 
are difficult to separate [89]. RBS measurements for the films deposited without 
oxygen concentration, 1.0 and 2.0 sccm  O2 flow show a film composition of  
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Zr1N1, Zr1O1.1N0.7 and Zr1O1.5N0.3, respectively. These observations along with the 
deposition conditions are clearly tabulated in table 8.1. The film composition 
indicates that ZrOxNy films with a small O/N ratio possess low in-situ stresses in the 
early stages of film growth (fig. 8.1a) and relax less while films with high O/N ratio 
possess high stresses at these stages and show a high degree of stress relaxation 
with increasing film thickness. Structural analysis of the films obtained after the 
shutter was closed is discussed in the next section. 
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Fig. 8.1: (a) Stress 
evolution of Zr-O-N 
films deposited on Si 
(100) (a) without oxygen 
(in red), 1.0 sccm, 1.5 
and 2.0 sccm oxygen 
flow. (b) Film force 
(N/m) versus deposition 
time (s) of the 
corresponding films. 
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(a)
  
 138
 
 
 
           Table 8.1: Deposition conditions (flows, voltage and rate), density and      
                             composition of ZrOxNy thin films 
 
N2 : O2  
(flow in sccm) 
Voltage  
(V) 
Rate 
(nm/s) 
Density (g/cm3) 
± 0.05 
Composition 
± 0.02 
10 : 0 462 0.530 6.50  Zr1N1 
10 : 1 462 0.579 5.90  Zr1O1.1N0.7 
10 : 2.0 498 0.497 6.10  Zr1O1.5N0.3 
 
 
Zr1O1.1N0.7 
10 sccm N2: 1 sccm O2
N O
Zr 
C Hf
Fig. 8.2:  RBS spectrum together with simulation (red) of 
ZrO1.1N0.7 material system sputtered on carbon
substrate.  
          Experiment 
          Simulation 
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8.2.1.3 Structure of ZrOxNy films at the end of the deposition (after shutter is    
             closed)       
 
In order to identify the structure of the films, XRD measurement in grazing 
incidence geometry at an angle of incidence ω = 0.75o in the range from 25o to 80o 
in 2θ were performed on the films deposited on Si (100) substrates. Grazing 
incidence XRD patterns are presented in fig. 8.3. The result clearly shows that upon 
introduction of small amount of oxygen concentration (1.0 sccm) in the sputter 
atmosphere amophization takes place as exhibited by the broad peak in fig 8.3. We 
have confirmed that this broad peak is composed of a small peak from cubic ZrN 
phase superimposed on an amorphous ZrO2 matrix as depicted by transmission 
electron diffraction pattern in fig. 8.4a. The small nanocrystalline grains depicted by 
the dark field TEM image in fig. 8.4a emanate from ZrN phase.  All the peaks of 
cubic ZrO2 [129] are manifested upon further addition of oxygen concentration 
which is in good agreement with TEM images shown in fig. 8.4b. This observation 
indicates that Zr-O bonds are more favorable than Zr-N bonds. In addition the peaks 
were continuously shifted to the left indicating an increase in compressive stresses. 
 
8.2.2 In-situ stress evolution and resulting structure of Nb-O-N thin films   
 
8.2.2.1 In-situ stress evolution of Nb-O-N films        
 
From fig. 8.4a it is apparent that with increasing oxygen concentration the stress in 
the nucleation and coalescence (≈ 20 nm) decreases. After the film closure (> 20 
nm) no pronounced stress relaxation with increasing film thickness is evident for all 
films deposited with oxygen concentrations. In addition, the homogeneity in the 
stress evolution seems to improve upon addition of small oxygen concentrations as 
depicted by the improvement of the linear part (arm) of film force plots (fig 8.5b).  
It is also apparent in fig. 8.5b that only very slight stress relaxation occurs after the 
shutter is closed.  
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Fig. 8.3: GXRD scans of 
ZrOxNy samples deposited on 
Si (100): (a) without oxygen-
ZrN (b) with 1.0 sccm (c) with 
1.5 sccm and (d) with 2.0 
sccm oxygen flow. The Bragg 
peak in red belong to ZrN 
phase while the blue ones 
from ZrO2 phase 
Fig. 8.4: (a) Dark field TEM image of the Zr1O1.1N0.7  film deposited on Si (100) substrate at: 1 
sccm O2 flow. The image depicts nano crystalline grains which emanate from ZrN phase of  ≈ 
6 nm diameter, embedded in an amorphous matrix (ZrO2). (b) Plane view bright field TEM 
image of  Zr1O1.5N0.3  deposited at 2.0 sccm O2  concentration depicting grains of ≈ 16 nm in 
diameter. Inset are the electron diffraction patterns. 
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8.2.2.2 Structure of Nb-O-N thin films at the end of the deposition     
 
The structure of the films obtained at the end of the deposition of Nb-O-N thin films 
deposited on Si (100) substrates were identified by XRD measurement in grazing 
incidence geometry at an angle of incidence ω = 0.75o in the range from 30o to 90o 
in 2θ . Grazing incidence XRD patterns are shown in fig. 8.6. The results clearly 
show that upon introduction of small amounts of oxygen concentrations (1.0, 1.5 
and 2.0 sccm) in the sputter atmosphere NbN reflections continuously shift to the 
right confirming stress relaxation observed in the in-situ stress profiles after the film 
was closed. The results also reveal that upon addition of small amount of oxygen 
concentrations a switch from (111) to (200) preferred orientation takes place. 
Fig. 8.5: (a) Stress 
evolution of Nb-O-N films 
deposited on Si (100) (a) 
without oxygen, with 1.0 
sccm, and 2.0 sccm 
oxygen flow. (b) Film 
force (N/m) versus 
deposition time (s) of the 
corresponding films. 
(a)
(b)
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8.2.3 Discussion 
 
The initial increase in compressive stresses at the early stages of film growth (≈ 10 
nm) in ZrOxNy was predominantly associated with particle bombardment induced 
mobility in the Si (100) substrate of the energetic species which are mostly 
moderate and high energy O- ions [54, 60]. Furthermore, with increasing O2 
concentration the mobility of impinging atoms is increased (due to ion 
bombardment) which enhances nucleation rate and thus more nucleation sites.  As 
the nuclei enlarge to form islands, they come towards each other in a manner to 
generate high compressive stresses at these early stages of film growth.  
Fig. 8.6: GXRD scans of 
Nb-O-N samples deposited on 
silicon (100): (a) without 
oxygen (NbN) (b) with 1.0 sccm 
(c) with 1.5 sccm and (d) with 
2.0 sccm oxygen flow. The 
peaks shown in red are from 
pure NbN phase while the blue 
peaks are from NbN phase with 
oxygen incorporation. 
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Direct experimental evidence of the increase in the bombarding species is apparent 
from the increase in the target voltage from 462 to 498V when the oxygen 
concentration is raised from 1 to 2.0 sccm (table 8.1). Above 15 nm, film is 
thickening and a clear stress relaxation effect is evident. This is reasonable since 
some of the oxygen sites are occupied by nitrogen atoms (as depicted by the 
appearance of  ZrN (111) and ZrO2 (111) peaks in XRD spectra  in fig. 8.3 and dark 
field TEM view graph shown in fig. 8.4a) leading to different bonding 
configurations and fluctuations in the inter-atomic distances. In addition the results 
reveal that in-situ stress relaxation of  ZrOxNy films at thicknesses > 15 nm was 
more pronounced in films with high O/N ratio. The generation of vacancies with 
increasing thickness would not be ruled out.  
We propose that incorporation of large amounts of N atoms in the ZrO2 (deposited 
at 1 sccm O2 flow) as depicted by stoichiometry information causes the observed 
disorder in the lattice. Furthermore with increasing oxygen concentration the 
formation of crystalline cubic ZrO2 with small nitrogen incorporation as depicted in 
stoichiometry data and structural information is apparent. The formation of the 
crystalline phases would be revealed by the increased particle bombardment 
induced mobility with increasing O2 concentration as explained above. In addition, 
ZrO2 (∆Gf,300 K = -1039 KJ/mol) is thermodynamically more favorable than ZrN 
(∆Gf,300 K = -337 KJ/mol) [97]. The formation of crystalline phases together with 
particle bombardment may explain the slight increase in density with increasing O2 
concentration of ZrOxNy films. 
In the case of Nb-O-N deposited under similar conditions the compressive stress 
reduces with increasing oxygen concentration. With increasing oxygen 
incorporation, a switch from (111) to (200) orientations is also observed. These 
observations may be explained by surfactant-like effect which ascribes the influence 
of small contaminants to the improvement in the film growth mode (layer by layer). 
Furthermore the improvement in the linear behaviour of the film force plots upon 
addition of small oxygen concentrations may support this argument. The 
improvement in the film growth may lead to reduction in compressive stresses, 
improved crystallization and a better texture [56, 130].  
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8.2.4 Conclusion 
 
In-situ stress measurement and structural analysis have been performed for ZrOxNy 
and NbOxNy materials grown on Si (100) substrate by dc reactive sputtering in an 
Ar - O2 - N2 atmosphere. In-situ stress profiles in the case of ZrOxNy were shown to 
increase characteristically with increasing O2 concentration. The increase in 
compressive stresses in the early stages of growth (≈ 10 nm) with increasing O2 
concentration was ascribed to the increase in particle bombardment induced 
mobility which enhances nucleation rate and hence the formation of more nuclei 
which come towards each other in a manner to generate high compressive stresses. 
Above 15 nm a clear relaxation effect was observed for films sputtered with oxygen 
concentrations and was more pronounced for films with higher O/N ratio. The 
observed relaxation was associated to differences in the bonding strength of Zr-O 
and Zr-N which induces fluctuations in the inter-atomic distances.  In addition, we 
proposed that the high amount of N-atoms incorporated in the ZrO2 matrix caused 
the observed amophization or disorder in the lattice. The formation ZrOxNy 
crystalline phases with manifestation of Bragg peaks of cubic ZrO2 phase was 
ascribed to particle bombardment induced mobility and thermodynamic 
considerations (ZrO2 is thermodynamically more favourable than ZrN phase). This 
mechanism was confirmed by the observed increase in target voltage and density 
with increasing O2 concentration. In the case of Nb-O-N, in-situ stress profiles 
shifted to lower compressive stress values with increasing O2 concentration which 
was confirmed by structural investigation. Furthermore with increased O2 
concentration an improved crystallinity and switch from (111) to (200) preferred 
orientation was observed. These observations were associated to surfactant-like 
effects which ascribe the influence of small contaminants to the improvement in the 
film growth mode (layer by layer) and thus lead to reduction in compressive 
stresses, improved crystallization and a better texture. In general terms the 
difference exhibited in the structure and stress evolution of these two material 
systems (Zr-O-N and Nb-O-N) in the gas window investigated would be ascribed to 
their differences in their metal affinities to the reactive gases. 
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Chapter 9 
 
Summary and Outlook 
 
9.1 Summary and conclusions 
 
In this thesis most efforts were devoted to the understanding of the structural 
evolution and the origin of stresses of reactively sputtered IVB-VIB transition metal 
nitrides. In this case, ZrNx, NbNx and WxNy were deposited by reactive dc 
magnetron sputtering. In an attempt to establish an understanding of the 
mechanisms of stress generation of transition metal nitrides in the group IVB-VIB, 
we performed x-ray diffraction, transmission electron microscopy measurements, 
XRD-pole figure measurements, x-ray reflectometry, XRD-sin2ψ method, ex-situ 
and in-situ stress measurements, ex-situ spectroscopic ellipsometry, Rutherford 
backscattering spectroscopy and electrical measurements using four point probe set-
up at room temperature.  
In-situ stress measurements at constant sputtering pressure showed an 
increase in compressive stresses with increasing nitrogen concentration for ZrNx and 
NbNx material systems. The increase in compressive stresses was predominantly 
ascribed to bombardment and sub-plantation of energetic nitrogen (N) atoms. The 
manifestation of increase in N- atoms with increasing nitrogen concentration was 
confirmed by RBS, XRD, spectroscopic ellipsometry and electrical measurements. 
RBS exhibited an increase in the metal/nitrogen ratio up to a saturation point of 1:1 
in the case of ZrNx material system. This was in good agreement with XRD which 
showed a characteristic increase in cell size and hence stress with increasing N2 
concentration.   It should be pointed out that small amount of extrinsic species that 
were mostly oxygen (O) were also detected by RBS.  
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Spectroscopic ellipsometry studies, in particular the unscreened plasma energy (ωpu) 
and resistivity measurements showed a loss in metallic character in both ZrNx and 
NbNx thin films with increasing N2 concentration. The loss in metallic character is 
associated with the transfer of the metal-conduction electrons to the number of 
nitrogen (N) atoms incorporated in the system. In addition substochiometric ZrNx 
and NbNx films depicted anisotropy in strain and stresses as depicted by XRD sin2ψ 
method. These observations emphasized the role of nitrogen vacancies as causes of 
strain gradients (due to fluctuations in the inter-atomic distances) in these films.  
We have therefore established this commonality of anisotropy in strain and stresses 
(strain gradients) in both ZrNx and NbNx thin films. It should be emphasized that 
other factors that could also contribute to the strain gradients are interstitial atoms of 
(metal, N, O), voids and non-uniformity in the grain size (confirmed by plane view 
TEM images). Attainment of film stoichiometry was characterized by the evolution 
of isotropic distribution of micro-strain and macro-stresses. We have also observed 
in both ZrNx and NbNx systems that there was a switch from (111) orientation to 
(200) orientation at higher nitrogen flows   (> 14 sccm N2 flow) revealing an 
increased bombardment by nitrogen species. This is due to the fact that the latter is 
known to have a lower packing density and thus enables incorporation of atoms 
more easily. We have also shown that the NbN phase is formed at higher N2 flow 
than ZrN phase. This difference has been ascribed to their difference in the heat of 
formation (∆H) or the reactivity of the two targets with nitrogen. The ∆H of ZrN is -
3.802 eV, which is higher compared to that of NbN (-2.436 eV). 
The role of nitrogen concentration on the structural and stress evolution of 
the nitrides was further elucidated by investigating WxNy films. Among the 
noteworthy findings were the similarities between the structure evolution of WxNy 
films deposited at a constant sputtering pressure (0.7 Pa) at different nitrogen 
concentrations (15-50 sccm) and at sputtering pressures less than 0.7 Pa. These 
findings elucidated the role of N2/(N2+Ar) flow ratio during the deposition as the 
governing factor in the structure and stress evolution in WxNy  thin films.  
The transition from compressive to tensile stresses in the case of  ZrNx and  
WxNy thin films deposited with increasing sputter pressure was observed at 1.5 Pa. 
This transition was strongly correlated to: (a) reduction in bombardment of the film 
by the bombarding species.  
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(b) diffusion of contaminant species which were mostly oxygen (O) as confirmed 
by RBS. The saturation of the contaminant species (O) after the transition to tensile 
stress lead to the relaxation of the stresses in both cases. 
This research work was extended by investigating the role of oxygen 
concentration in the in-situ stress evolution and the resulting structure in Zr-O-N 
and Nb-O-N material systems. In the case of Zr-O-N in-situ stress profiles shifted to 
higher compressive stresses with increasing O2 concentration while in-situ stress 
profiles for Nb-O-N followed a complementary behaviour. The increase in 
compressive stresses in the early stages of growth in Zr-O-N was ascribed to 
particle bombardment induced mobility and subplantation of energetic species in 
the growing film. In addition the results revealed that in-situ stress relaxation of  Zr-
O-N films at thicknesses > 15 nm was more pronounced in films with high O/N 
ratio. This was reasonable since some of the oxygen sites were occupied by nitrogen 
atoms leading to different bonding configurations and fluctuations in the 
interatomic distances. In addition we proposed that the high amount of N-atoms 
incorporated in the ZrO2 matrix caused the observed amophization in the Zr-O-N 
phase deposited with 1.0 sccm O2 while formation of Zr-O-N crystalline phases was 
associated to particle bombardment induced mobility and thermodynamic 
considerations (ZrO2 is thermodynamically more favourable than ZrN).  
For the case of Nb-O-N system the decrease in compressive stresses with increasing 
O2 concentration, improved crystallinity and a switch in preferred orientation from 
(111) to (200) orientation was associated with surfactant like effect. This effect 
ascribes the influence of small contaminants to the improvement in the film growth 
mode (layer by layer) and thus leads to reduction in compressive stresses, improved 
crystallization and a better texture. 
 
9.2 Outlook 
 
The work presented in this thesis has focused on the understanding of structure and 
origin of stresses in group IVB-VIB transition metal nitrides as mentioned 
previously. In addition, some work has been done on Zr-O-N and Nb-O-N thin 
films.  
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Future work in this regard, to continue and improve the related field would be:  
 
(a)  Establish how elastic constants of the ZrNx and NbNx vary with nitrogen      
concentration. Therefore investigation of these films with nano-indenter 
technique would be necessary. Other crystalline cubic nitrides (rocksalt 
structure) should be sputtered under similar conditions in order to establish 
whether the issue of anisotropic distribution of microstrain and macrostresses 
(in both 111 and 200 orientations) in substoichiometric phases and isotropic 
distribution of strains in the stoichiometric phases can be extended to them as 
well. 
(b) The issue of the nature of the bombarding species and their energies in group 
IVB-VIB transition metal nitrides can further be investigated by using a mass 
energy analyzer (MEA) in experiments designed in three different 
configurations: (i) at constant pressure and current but with variation of N2 
flow. (ii) deposition at fixed N2 flow (enough nitrogen to form stoichiometric 
phases) and at a fixed sputter current. The argon flow should be adjusted from 
very low to very high concentrations to deposit films at different sputter 
pressures. (iii)  deposition at fixed N2 flow (enough nitrogen to form 
stoichiometric phases) and at a fixed sputter pressure. The sputter power should 
then be varied from low to high.  These experiments along with the already 
existing models on sputtering should form a basis of developing a model of the 
observed similarity in structural properties below a certain sputter pressure and 
at a constant pressure but with various nitrogen concentrations. 
(c)  It would also be desirable to correlate in-situ stress observed in the early stages 
of growth (less 20 nm) by using other techniques such as such as in-situ 
transmission electron microscope (TEM), Atomic force microscopy (AFM) and 
x-ray diffraction (XRD). 
(d)  ZrOxNy and HfOxNy  and other oxynitrides apart from optical applications are 
promising materials for dielectric applications to replace SiO2 which has been 
in use for decades, therefore it would be a nice endeavor to investigate further 
the actual mechanisms leading to the generation of stresses at the early stages 
of film growth with increasing oxygen flow by using the techniques mentioned 
above.  
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In addition x-ray photoelectron spectroscopy (XPS) would be employed to clarify 
the binding energies between the different species in the oxynitride systems. The 
investigation of crystallization temperature particularly of the amorphous phases 
of the oxynitrides with increasing nitrogen incorporation would also be an 
interesting venture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 150
References 
 
[1] Kings R.B (Hrsg.): Encyclopedia of inorganic chemistry, John wiley and     
sons ltd, 249-2515 (1994).   
[2] W.D Sproul, thin solid films 107, 141 (1986). 
[3] J.W. Lee, C.H. Han, J.S. Park, and J.W. Park, J. Electrochem. Soc.148,             
 G95 (2001). 
[4] B.S. Suh, H. K. Cho, Y.K. Lee, W.J. Lee, C.O. Park, J.Appl. Phys. 89, no.7 
(2001). 
[5] G.S. Chen, J.J. Guo, C.K. Lin, C. S. Hsu, L. C. Yang, and J.S. Fang, J. Vac.             
 Sci. Technol. A 20, 479 (2002). 
[6] E.Eisenbraun et al., J. Vac. Sci. Technol. B 18, 2011 (2000). 
[7] C.A. Dimitriadis, T. Karakostas, S. Logethetidis, G. Kamarinos, J. Brini, and    
 G. Nouet, solid-state Electron 43, 1969 (1999). 
[8] K.H. Min et al. J. Vac. Sci. Technol. B, 14, 3263 (1996). 
[9] J.C. Chuang, M.C.Chen, J. Electrochem. Soc. 145, 3170 (1998). 
[10] Intl. Tech. Roadmap for semiconductors 2001 Update, SIA, San Jose,       
 (http://public.itrs.net) CA (2002). 
[11] S.Tsukimoto, M. Moriyama, Masanori Murakami, Thin solid films 460, 222-   
  226 (2004). 
[12] L.K Elbaum, M. Wittmer, C.Y. Ting, J.J. Cuomo, Thin solid films 104, 81   
 (1983). 
[13] M. Ostling, S. Nygnen, C.S. Petersson, Thin solid films 145, 81 (1986). 
[14] M. Danek, Metal Barriers for Advanced Cu Interconnect Application, 11th   
  Dielectric and CVD Metallization Symposium, San Diego, March (2000). 
[15] M. Dietrich, IEEE Trans. Magn. MAG21, 455 (1985). 
[16] I. Hotovy, D.Buc, J. Brcka, R. Srnanek, Phys. Stat. Sol. 161, 97 (1997). 
[17] M. Torche, G. Schmerber, M. Guemmaz, A. Mosser and J.C Parlebas, Thin    
  Solid films 436, 208-212 (2003). 
[18] T.Yoshihara, S. Kotsuji, K.Suzuki, J. Vac. Sci. Technol. B 14, 4363 (1996). 
[19] S.Y. Lee, C.M. Park, J. Ahn, J.Appl. Phys. 81, 4501 (1997). 
[20] S. Li, P.P. Freitas, M.S. Rogalski, M. Azevedo, J.B Sousa, Z.N. Dai, J.C   
       Soares, N.  Matsakawa, H. Sakakima, J. Appl. Phys. 81, 4501 (1997). 
  
 151
[21] K.Tanabe, H.Asano, Y.Katoh and O.Michikami, J.Appl. Phys. 26, L570-2    
  (1987). 
[22] T.Yotsuya, M.Yoshitake and J.Yamamoto, Appl. Phys. Lett. 51, 235-7 (1987). 
[23] Http://www.sigmaaldrich.com, Chemistry, Materials science, Micro and nano       
electronics, tutorial, (2006). 
[24] J.E Sundgren, thin solid Films 128, 21 (1985). 
[25] J.B. Price, J. O: Brland and S. Selbrede, Thin Solid Films 236, 311 (1993). 
[26] H.L. Byoung, K. Laegu, N. Renee, Q. Wen-Jie, and  C.L.Jack,  
 Appl. Phys. Lett. 76 1926 (1999). 
[27] J.A. Thornton and D.W. Hoffman, J. Vac. Sci. Technol. 14, 164 (1977). 
[28] M. Murakami, CRC Critical Reviews of Solid state and Material science 11   
No.4, pg. 317 (1984). 
[29] J.B Hannon, F.J.M. zu Heringdorf, J. Tersoff, and R.M. Tromp, Phys. Rev.   
Lett. 86, 4871 (2001). 
[30] J.B. Hannon, H. Hibino, N.C. Bartelt, B.S. Schwartzentruber, T. Ogino, and   
G.L. Kellogg, Nature (London) 405, 552 (2000). 
[31] J.R. Christman, Fundamentals of Solid State Physics, Wiley, Newyork (1988). 
[32] J. Stollenwerk, Reaktives Sputtern von Oxidfilmen-Herstellung    
   dielektrischer dünner schichten für technische Anwendungen, PhD Thesis,    
   RWTH-Aachen, ISBN 3-86073-089-4 (1993). 
[33] J.E. Mahan, Physical vapor deposition of thin films, Chapter 7, NY Wiley, New 
York (2000). 
[34] S.H. Mohammed, O. Kappertz, J.M. Ngaruiya, T.P. Leervad Pedersen, R. Drese, 
M. Wuttig, correlation between structure, stress and optical properties in direct 
current sputtered molybdenum oxide films, Thin solid films  429, 135-143 (2003). 
[35] M.Wuttig and X. Liu, Ultrathin Metal Films; Magnetic and structural properties, 
Springer-Verlag, (2004). 
[36] E. Bauer, Zeitschr. F. Kristallographie 110, 372 (1958). 
[37] J.W. Gibbs, The scientific papers of J. Willard Gibbs, Dover Publications, New 
York, (1961). 
[38] J.W. Christian, Transformation in metals and alloys, Pergamon Press, Oxford, 2nd 
edition, (1975). 
[39] K.F. Kelton, Crystal nucleation in liquids and glasses,  Solid state Physics 45, 75 
(1991). 
  
 152
[40] I. Petrov, P.B. Barna, L. Hultman and J. E. Green, Microstructural evolution 
during film growth,  J. Vac. Sci. Technol. A 21   (5), (2003) 
[41] R.C Ross and R. Messier, Microstructure and properties of rf-sputtered   
  amorphous hydrogenated silicon films, J. Appl. Phys. 52, 5329-5339 (1981). 
[42] K.H. Guether, The influence of the substrate surface on the performance of   
 optical coatings, Thin solid films 77, 239-252 (1981). 
[43] B.A. Movchan and A. V. Demchishin, Fiz. Met. Metalloved 28, 83 (1969). 
[44] J.A. Thornton, J. Vac. Sci. Technol. A 4, 3059 (1986). 
[45] P.B. Barna and M. Adamik, Thin solid films 317, 27 (1998). 
[46] F.H. Baumann, D.L. Chopp, T. Díaz de la Rubia, G.H. Gilmer, J. E. Greene,   
H. Huang, s. Kadambaka, P. O’ Sullivan, and I. Petrov, MRS Bull. 26, 182 
(2001); G.H. Gilmer, H. Huang, T. Díaz de la Rubia, J. Dalla Torre, and F. 
Baumann, Thin Solid Films 365, 189 (2000). 
[47] C.V. Thompson, Annu. Rev. Mater. Sci. 20, 245 (1990). 
[48] H.Windischmann, ‘Intrinsic Stress in Sputter-deposited Thin Films’, Crit.  Rev. 
Solid State Mater. Sci. 17 (6), 547-596 (1992). 
[49] F.M. D’Heurle, Aluminum films deposited by rf sputtering, Metall. Trans.,   1, 
725, (1970). 
[50] Y.Lifshitz, S.R. Kasi, and J.W. Rabalais, Phys. Rev. B, Vol 41, No. 15 (1990). 
[51] C.A.Davis, Thin Solid Films 226, 30-34 (1993). 
[52] Y. Pauleau, J. Vac. Sci. Technol. 61, 175-181 (2001). 
[53] D.S. Campbell, Mechanical properties of thin films, in Handbook of Thin     
 film technology, Maissel, L. I: and Glang, R., Eds., McGraw-Hill, New    
 York 12 (1970).  
[54] J. M. Ngaruiya, O. Kappertz, S.H. Mohamed, M. Wuttig, Appl. Phys. Letters  
 85, 748 (2004). 
[55] R.J. Drese and M.Wuttig, J. Appl.Phys. 98, 073514 (2005). 
[56] J. Hinze and K. Ellmer, J. Appl. Phys. 88, 5 (2000). 
[57] R.J.Drese, In-situ Messungen der mechanischen Spannungen in gesputtern    
        metal und oxidschichten, PhD Thesis, RWTH-Aachen, (2005). 
[58] M. Pletea, W.Brückner, H. Wendrock and R. Kaltofen, J. Appl. Phys. 97,  
     054908 (2005). 
[59] R.J. Drese and M. Wuttig, J. Appl.Phys. 99, 123517 (2006). 
  
 153
[60] S.Mräz and J.M. Schneider, J.Appl. Phys. 100, 023503 (2006). 
[61] I.C.  Noyan, J.B. Cohen, Residual stress measurement by diffraction and          
   interpretation, Springer-Verlag, New York, (1987). 
[62] C. Detavernier, A. S. Özcan, J. Jordan- Sweet, E. A. Stach, J. Tersoff, F. M. Ross 
& C. Lavoie, An off- normal fibre-like texture in thin films on single-crystal 
substrates, Letters to nature, Vol. 426, (2003). 
[63] P.Patsalas and S. Logethetidis, Optical, electronic and transport properties of 
nanocrystalline titanium nitride thin films, J.Appl. Phys. 90 (9), (2001). 
[64] D.E Savage, J. Kleiner, N. Schimke, Y.H. Phang, T. Jankowsky, J. Jacobs,  
   R. Darious, and M.G. Lagally, J. Appl. Phys. 69, 1411 (1991). 
[65] J.B. Kotright, J. Appl. Phys. 70, 4286 (1991). 
[66] L.C. Feldman and J.W. Mayer, Fundamentals of surface and thin film analysis, 
Newyork: NorthHolland-Elsevier (1986). 
[67] C.Sarioglu, Surface Eng. Vol. 18, 2 (2002). 
[68] P.S. Prevéy, X-ray Diffraction characterization of residual stresses produced  
   by shot peening, shot peening theory and application, series ed. A. Niku-Lari,         
   IITT-International, Gournay Sur Marne, France, pp. 81-93, (1990). 
[69] P.M. Karimi and M.Wuttig, DPG Tagung, functional thin films (DS 9.3), growth 
and stress evolution of reactively sputtered ZrN films, Dresden: Germany, March  
(2006). 
[70] X.J. Chen, V.V. Struzhkin, Z.Wu, M.Somayazulu, J.Qian, S.Kung, A.N. 
Christensen, Y.Zhao, R.E. Cohen, H.K. Mao and R.J. Hemley, Hard 
superconducting nitrides, January 7,  (2005). 
[71] M. Ohring, The materials science of thin films, chapter 9, Academic press,    
   San Diego, Newyork, Boston, (1992). 
[72] S. Timoshenko and S. Woineowky-Krieger Theory of plates and shells, 
McGrawHill (1959). 
[73] G.G. Stoney, Pro. R. soc. London, Ser. A  82, 172 (1909). 
[74] P.Kury, T. Grabosch and M. Horn-Von Hoegen, Review of Scientific    
Instruments 76, 023903 (2005). 
[75] F. Wooten, Optical properties of solids, Academic Press, New York (1972). 
[76] M. Fox, Optical properties of Solids, Oxford University Press, Britain    
  (2005). 
  
 154
[77] Thompson et al. J. Appl. Cyst. 20, 79-83 (1987). 
[78] W.K. Njoroge, Phase change optical recording-preparation and x-ray           
        characterization of GeSbTe and AgInSbTe films, PHD Thesis, RWTH-  
        Aachen, (2001). 
[79] H. Weis, Untersuchung gasochrom schaltender wolframoxide, PhD Thesis- 
        RWTH-Aachen, (2002).  
[80] A.J.G. Leenaers and D.K.G. De Boer. Wingixa Manual, Technical report.    
        Phillips. 
[81] T.L. Pedersen, Mechanical stresses upon phase transitions. PhD. Thesis,    
       RWTH-Aachen, (2003). 
[82] Guide to using WVASE32, J.A Woolam Co., Inc., Lincoln, NE 6850  (1994). 
[83] L. J. Van der Pauw, A method of measuring specific resistivity and hall               
        effect of disc of arbitrary shape, Phillips Res. Re. 13, 1 (1958). 
[84] S. Inoue,  K. Tominaga, R. P. Howson, and K. Kusaka, J. Vac. Sci. Technol. A 
13, 2808 (1995). 
[85] D. Pilloud, A. S. Dehlinger, J. F. Pierson, A. Roman, and L. Pichon, Surf.     
 Coat. Technol. 174-175, 338 (2003). 
[86] J.J. Chromo and S.M.Rossnagel, property modification and synthesis by        
low energy particle bombardment concurrent with film growth, nucl. Instr.    
Methods Phys. Res. B 19-20, 963 (1987). 
[87] F. M. D’Heurle, Aluminium films deposited by R.F sputtering,   
Metall.Trans.1, 725 (1970). 
[88] JCPDS Powder Diffraction file 02-0821, (1999). 
[89] Handbook of chemistry and physics, chemical Rubber corp., Boca Raton, FL 
(1990). 
[90] JCPDS Powder Diffraction file 74-1217, (1999). 
[91] Y.H Chung, B.K Tay, Journal of crystal growth 252, 257 (2005). 
[92] J.A.  Floro and E. Chason, in In-situ Real-Time Characterization of thin films, 
edited by O. Auciello and A.R. Krauss (John Wiley and Sons, New York, p. 
191 (2001). 
[93] J.A Floro, E. Chason, R.C. Cammarata and D.J. Srolovitz, Physical origins of      
         intrinsic stresses in Volmer-Weber thin films, MRS Bulletin (2002). 
  
 155
[94] K. Sarakinos, J. Alami, P.M. Karimi, D. Severin and M. Wuttig, the role of 
backscattered energetic atoms in film growth in reactive magnetron sputtering of 
chromium nitride, J. Appl. Phys. D 40,778-785, (2007). 
[95] B. Raushenbach and J.W. Gerlach, texture development in titanium nitride films 
grown by low-energy ion assisted deposition, Cryst. Res. Technol. 35, 675-688 
(2000).  
[96] L.E. Toth, Transition Metal Carbides and Nitride, Academic Press, New York 
NY, (1971). 
[97] H.S. Myung, H.M. Lee, L.R. Shaginyan, and J.G. Han, Surf. Coat. Technol.   
163-164, 591 (2003). 
[98] D.F. Dawson-Elli, D.Plantz, D.S. Stone, J.E. Nordman, J. Vac. Sci. Technol. A.9 
(4), (1991). 
[99] M.S. Wong and W.D Sproul, X. Chu and S.A. Barnett, J. Vac.Sci. technol.  
A 11(4), (1993). 
[100] JCPDS Powder Diffraction file 71-0162, (1999). 
[101] CRC Handbook of Chemistry and Physics, 70th Edition, CRC Press, Editors 
W.H.Beyer, M. J. Astle, D.R. Lide, and R.C. Weast, (1989-1990). 
[102] J.W. Lee, C.H. Han, J.S. Park, and J.W. Park, J. Electrochem. Soc.148, G95   
(2001). 
[103] B.S. Suh, H. K. Cho, Y.K. Lee, W.J. Lee, C.O. Park, J.Appl. Phys. 89(7)  
   (2001). 
[104] K.H.Min et al. J. Vac. Sci. Technol. B 14, 3263 (1996). 
[105] J.C.Chuang,  M.C.Chen, J. Electrochem. Soc. 145, 3170 (1998). 
[106] J.W. Klaus, S.J. Ferro, S.M. George, J. Electrochemical society 147 (3)  
   1175-1181 (2000). 
[107] Y.M. Sun, E.R. Engbrecht, T. Bolom, C. Cilino, J.H. Sim, J.M. White, J.G.    
Ekerdt, K. Pfeifer, Thin solid films 458, 251-256 (2004).  
[108] M. Hecker, R. Hübner, R. Ecke, S. Shulz, H.J. Engelmann, H. Stegmann, V.  
Hoffman, N. Mattern, T. Gessner, E. Zschech, Microelectronic Engineering   
64, (2002). 
[109] P. Hones. N. Martin., M. Regula, F. Lèvy, J. Appl. Phys. 36, 1023-1029  
   (2003). 
[110] P.C. Jiang, J.S. Chen and Y.K. Lin, J. Vac. Sci. Technol. A 21(3), (2003). 
  
 156
[111] M.Bereznai, Z. Tóth, A.P. Caricato, M. Fernàndez, A. Luches, G. Majni, P.    
Mengucci, P.M. Nagy, A. Juhàsz, L. Nànai, Thin Solids (2004). 
[112] Y.G. Shen, Y.W. Mai, D.R. McKenzie, Q.C. Zhang, W. D. McFall, W.E.  
McBride, J. Appl. Phys. 88 (3), (2000). 
[113] Y.G. Shen, Y.W. Mai, W.E. McBride, Q.C. Zhang, D.R. McKenzie, Thin    
   solid films 372 (2000). 
[114] S.Guruvenket, G.M.Rao, Material Science and Engineering B 106, (2004). 
[115] C.C. Baker, S. I. Shah, J. Vac. Sci. Technol. A 20, 5 (2002). 
[116] JCPDS Powder Diffraction file 25-1256, (1999). 
[117] JCPDS Powder Diffraction file 75- 0998, (1999). 
[118] JCPDS Powder Diffraction file 25-1257, (1999). 
[119] J.W. Lee, C.H. Han, J.S. Park, and J.W. Park, J. Electrochem. Soc.148, G95   
   (2001). 
[120] B.S. Suh, H. K. Cho, Y.K. Lee, W.J. Lee, C.O. Park, J.Appl. Phys. 89 (7)   
   (2001). 
[121] Y. Makino, T. Tanaka M. Nose, M. Misawa, A. Tanimoto, T. Nakai, K.    
Kato and K. Nogi, Surface coating technology  98, 934-938 (1999). 
[122] S.Venkataraj, D.Severin, S.H. Mohamed, J. Ngaruiya, O.Kappertz and M.     
Wuttig, Thin Solid films 502 (issues 1-2), (2005). 
[123] S. Venkataraj, H. Kittur, R. Drese and M. Wuttig, Thin solid films 514,    
(issues 1-2), (2006). 
[124] J. Barbosa, L. Cunha, L. Rebouta, C. Moura, F. Vaz, S. Carvalho, E. Alves, E. 
Le Bourhis, Ph. Goudeau and J.P. Rivière, Thin solid films 494, 201-206 
(2005). 
[125] Y.G. Shen, Y.W. Mai, Material science and Engineering B76, 107-115 (2000). 
[126] F.Vaz, P.Carvalho, L.Cunha, L.Rebouta, C.Moura, E. Alves, A.R. Ramos,     
A.Cavaleiro, Ph. Goudeau and J.P. Riviére, Thin solid films,  469-470 (2004). 
[127] R.E.Nieh, S.K.Chang, H.J Cho, K.Onishi, R.Choi, S.Krishnan, J.H.Han, Y.H. 
Kim, M.S.Akbar, J.C. Lee; Electron Devices, IEEE Transactions Volume 50 
(Issue 2),   Page(s):333 –  340 (2003). 
[128] C. Kang, Dissertation, University of Texas at Austin, A study on  the Material 
and device Characteristics of hafnium Oxynitride MOSFETS with TaN gate 
electrodes (2004). 
  
 157
[129] JCPDS Powder Diffraction files 81-1550 and 81-1551 (1999). 
[130] H.J. Osten, E. Bugiel, and J. Klatt, Appl. Phys. Lett. 61, 1918 (1992). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 158
 
 
 
Acknowledgement 
 
 
First of all, I would like to express my deepest gratitude to Prof. Dr. Matthias 
Wuttig for having been a great academic advisor through the whole of my Ph.D. 
Work. I learnt a lot from his rich experience in science. I also desire to express my 
gratefulness to Matthias Wuttig for giving me the opportunity to work at I. 
Physikalisches Institut 1A der RWTH Aachen.  I am grateful to Madame Prof. Dr. 
Heidrun Heinke for accepting to be my second referee and for giving good 
comments about my work. Thanks should also be given to the other Ph.D. 
Committee members; Prof. Dr. Stefan Blügel (FZ Jülich), Prof. Dr. Markus 
Morgenstern. I received a lot of good comments from them. I also acknowledge the   
enlightening discussions with Prof. Dr. Thomas Michely (Uni-Köln) during my 
Ph.D. research work at I. Physikalisches Institut 1A der RWTH Aachen. 
I take this opportunity too to thank the entire sputter group members; Dr. 
Robert Drese, Dr. Daniel Severin, Dr. Jones Alami, Kostas Sarakinos, Fahri Uslu, 
Dominik Köhl, Julia Dukwen, Christian Klever, Jan Wördenweber, Evelyn Scheer 
and Christoph Angerhausen for cooperation and fruitful discussions. Thanks go to 
Dr. Robert Drese who introduced me to the in-situ stress measurements. Dr. 
Henning Dieker, Dr. Daniel Severin and Dr. Daniel Wamwangi were always 
available to help whenever called upon. I wish to thank Kostas Sarakinos for 
stoichiometry analysis with RBS, Fahri Uslu for transmission electron microscope 
measurements (TEM). Michael Huppertz, Stephan Hermes, Oliver Leyman and the 
entire technical team were always available to provide assistance whenever called 
upon. Let me take this opportunity to thank Josefine Elbert for all the help and 
guidance in matters regarding administrative work.  
  
 159
Thanks should also be given to Michael Klein and Kyung Min Chung for being 
good office mates and always willing to assist. 
I must also thank all the members of the I. Physikalisches Institut 1A der 
RWTH Aachen for their invaluable moral support and for providing a conducive 
working environment. 
I acknowledge Deutscher Akademischer Austauschdienst (DAAD) for 
financial support during the entire research period, without which my stay here 
would not have been possible. 
Last but certainly not the least I would like to thank my relatives and friends 
for their moral support during my stay in Germany. Their encouraging spirit was 
always present. 
 
God bless you all 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 160
Curriculum Vitae/Lebenslauf 
 
Angaben zur Person: 
 
Name, Vorname:    Karimi, Patrick Mwangi 
Geburtsdatum:   20.08.1974 
Geburtsort:    Kirinyaga, Kenia 
Nationalität:    Kenianisch 
Familienstand    Ledig 
 
Studium und Ausbildung 
 
Schulbildung:             1981-1988 Mutuma Primary School-Kirinyaga, Kenia     
                                             1988 Kenya Certificate of Primary Education 
(K.C.P.E) 
   1989-1992 Kerugoya Boys High School-Kirinyaga, Kenia 
 
Schulabschluss:          1992 Kenya Certificate of Secondary Education 
  (K.C.S.E) 
 
Studium: 1993-1998 Bachelor of Science (Education), mit Hauptfach      
Physik und nebenfach Mathematik an der 
Kenyatta Universität (Nairobi, Kenia) 
 
Studienabschluss:           1998 Bachelor of Science (Education)  
(Bachelor)    (Note: First Class Honors)   
      
Studienabschluss:      1998-2001  M.Sc. (Electronics)-Thema: Microprocessor 
(M.Sc.)  based Multifunction signal Generator (MCM)  
an der Kenyatta Universität (Nairobi, Kenia)-
Through Kenyatta University scholarship 
 
Deutschsprachkurs:          2004 Goethe Institut Göttingen 
     (DSH Prüfung-Bestanden) 
 
Promotion:      04/2004-06/2007 Promotion am I. Physikalischen Insitut 1A, der      
(Ph.D.) RWTH Aachen- Through Deutscher 
Akademischer    Austauschdienst (DAAD) 
scholarship 
 
Aachen, den 21.06.2007 
